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ABSTRACT

A Study of the Process and Causes of AB(25-35) Amyloid
Formation. (December 2009)
Katherine Vale Ridinger, B.S., Angelo State University

Chair of Advisory Committee: Dr. John Martin Scholtz

Amyloid fibrils results from a type of ordered polypeptide aggregation that is associated
with ailments such as Alzheimer’s disease (AD). Annually, millions of people in the
United States alone develop and die from AD. Therefore, it is necessary to understand
not only the process of amyloid formation, but also the causes of this specific type of
aggregation. This study used AB(25-35) since it is a fragment of the Alzheimer’s

peptide that behaves like the full length peptide found in patients with AD.

To study the process of amyloid formation, several methods were used so that a more
complete picture of the stepped aggregation process could be realized. Several
oligomeric species were detected and described many of which could not have been
observed without using the complete battery of methods utilized here. The oligomeric
species detected included a novel ‘rolled sheet’ that appeared to be the immediate
precursor of amyloid fibrils, and two supermolecular species that appear after amyloid

fibrils were formed.
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In determining the causes of amyloid formation, two significant discoveries were made.
First, by partial sequence randomization, truncation, and Ala scanning mutagenesis, the
critical amyloidogenic region of AB(25-35) was found to be residues 30-35. This critical
core region is important because it is thought to be the region that initiates amyloid
formation, therefore knowing the residues involved in the region is a useful tool for
developing methods of fibril formation prevention. Second, by inserting all naturally
occurring amino acids into position 34 of AB(25-35), three distinct classes of variants
were observed and the effect of several physiochemical properties on amyloidosis were
examined. Hydrophobicity, solubility, and B-strand propensity were found to affect
aggregation to the greatest extent. Also within these two studies, our results suggest that
early oligomers are the cytotoxic species as opposed to amyloid fibrils or other larger

macromolecular assemblies.
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CHAPTER 1

INTRODUCTION

In 1907, Alois Alzheimer reported a patient with the first recorded instance of what
would later be called Alzheimer’s disease (AD)." Over the next several years, more
cases were reported until AD became a recognized form of dementia and is now the
sixth leading cause of death in the United States.” One of the hallmarks of AD is the
presence of a substance that Alzheimer found in his first deceased patient’s brain. This
substance had originally been studied by Virchow in 1854, and termed ‘amyloid’ since it
reacted to iodine like starch.’ It was over a century later, in the mid-1980s, that the
substance that Alzheimer described, now termed amyloid plaques, was finally

discovered to be primarily made up of a polypeptide called AB(1-42).

AB(1-42) is a peptide that is the product of the incorrect cleavage of the amyloid
precursor protein (APP). Specifically, APP is a membrane protein that, when properly
cleaved by a- and y-secretases, is perfectly harmless because the a-secretase cleavage
site is in the middle of AB(1-42).* However, if APP is cleaved by - and y-secretases,
APB(1-42) is formed, released, and able to aggregate (Fig. ).} Ttis important to note here
that AB(1-42) is not the only peptide that is involved in Alzheimer’s disease. There is a

great deal of debate within the “Alzheimer’s field” concerning the relative importance of

This dissertation follows the style of Journal of Molecular Biology.
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Figure 1. Amyloid precursor protein (APP) cleavage and production of AB(1-42). a-
- and y-secretases are proteolytic enzymes with different specificities. o-secretase
cleaves between Lys16 and Leul7. B-secretase cleaves between Tyr10 and Glull. y-
secretase cleaves at multiple sites within the transmembrane domain. The cleavage of
APP by - and y-secretases releases the AB(1-42).



Tau, a microtubule-associated protein, and AB(1-42) in the disease.” Despite the
controversy, aggregation of AB(1-42) certainly appears to start the disease process,
which could cause Tau to aggregate and cause cell death. “® This initial importance of
APB(1-42) in AD has been shown a number of ways. Naturally occurring mutations of
APP that result in familial early onset Alzheimer’s are prevalent, suggesting that the
mutations that affect the production of AB(1-42) greatly influence AD.”"" Also, patients
with Down Syndrome, characterized by trisomy of chromosome 21, are much more
likely to develop AD early in life since the gene for APP is located on chromosome
21.'%1 Several studies on the effects of adding AB(1-42) or segments of AP(1-42) have
resulted in cognitive deficiencies and cell toxicity, though the mechanism of cell death is
still unclear.” '**° One thing seems certain: the appearance of amyloid plaques made up

of AB(1-42) is a diagnostic hallmark, if not the direct cause of the disease.’

A popular hypothesis of cytoxicity is that an oligomeric form of the peptide in the early
stages of AB(1-42) amyloid formation is responsible, either directly or indirectly, for
disease symptoms and cell death. '*'72'*" Therefore, it is necessary to not only
understand why the aggregation takes place, but also how to prevent it. To achieve this,
several species found in the process of aggregation from the monomeric peptide to the
amyloid fibrils were tested to determine which causes cell death and neurodegeneration.
This is a difficult undertaking since the oligomers along the pathway of fibrillation are

transient, heterogeneous, and difficult to isolate. However, there is some evidence that



dimers cause toxicity,'* although it is more likely that a larger, yet still soluble oligomer

is the culprit.'” 2"

Considerable work has been devoted to investigating other aspects of fibrillation using
variants or mutants. One of the most useful tools for studying some properties of
proteins is to mutate specific residues and measure differences in the properties between
the mutant and the wild-type protein. Since this procedure is efficient and effective, the
same principle has been applied to studying various aspects of amyloid formation.
Amyloidogenic peptides and proteins have been altered to determine the stability of

8;32-36

ﬁbrils,& 2832 elucidate the kinetics or rates of aggre ation, establish the properties
gareg prop

of amyloid propensity,”™ ** discover critical regions of the peptide for fibrillogenesis,””"

3137 and discern which physiochemical properties have the largest influence on amyloid

. 33:36;38-43
formation.”™ >

Specifically, an understanding of the physiochemical properties that are responsible for
amyloid formation is an important and open question. Several properties have been
implicated in various studies conducted over the past decade, ranging from the more
popular culprit of hydrophobicity to the lesser accused solubility,** 3% 36:39-41:44-33 e
data from these studies have been incorporated into the few algorithms that attempt to
predict amyloid formation using only the sequence, and in some cases, the solution

45; 48; 52; 54

conditions. Despite the considerable amount of work invested in answering the

question of which properties dictate fibrillation, there is still no clear consensus.
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Figure 2. Correlation values between the aggregation rate and physiochemical
properties.* The change in aggregation rate of mutant protein (Vmy) from wild-type
(vwt) was plotted against change in (a.) hydrophobicity, (b.) the propensity to convert

from a-helical to -strand conformation, and (c.) change in charge.



In Figure 2, we show the correlation values between several of these physiochemical
properties and thermodynamic (critical concentration) and kinetic (half-time) parameters
from a study using Leu34 mutants of AB(25-35), an amyloidogenic fragment of AB(1-
42). These two parameters are useful for determining the propensity of peptides to form
fibrils and are discussed further in Chapter II. Critical concentration (C;) is the
concentration of monomeric peptide still in solution when an equilibrium is established
between the monomeric peptide and amyloid fibrils, and therefore this parameter can
demonstrate the extent of amyloid formation.”®> C; can be used to find the fibril stability

(AG) by the equation®:

AG = -RTIn(1/C,) (1)

Therefore, fibril stability is reflective of the extent of amyloid formation of a mutant
peptide in relation to the wild-type peptide. C; can also be used to find the half-time
(t12), which is the amount of time necessary for the monomeric concentration to be
halfway between the initial concentration and the C,. This parameter can indicate the

kinetics of aggregation, which is useful in comparisons between peptides.

To further understand the influence of the various physiochemical properties, the
stability of fibrils formed from variants of AB(1-40) and AB(1-42) have been collected

(Table 1) and will be discussed below. The different physiochemical properties



Table 1. Amyloid formation in AB(1-40) and AB(1-42) variants

Mutant®  AAGP Mutant  AAGP Mutant  AAGP Mutant  AAGP

Naturally occuringd Ala scanningf Cys scanning? Pro scanningh
A2T -0.3 F4A -0.4 F4C 0.2 Fa4pP -0.8
H6R -0.2 H13A 0.6 H6C 0.2 H6P 0.1
D7N -0.3 H14A 0.3 H13C 1 GoP 0.3

A21G 0.4 Q15A 0.8 K16C 0.4 V12P 0.5
E22G 0 K16A 1.2 L17C 2 H14P -0.2
E22K -0.5 L17A 1.1 V18C 1.9 G15P 1.4
E22Q -0.9 V18A 1.3 F19C 1.2 K16P 1.3
D23N -0.3 F19A 1.5 F20C 0.5 L17P 1.5
Position 18“° F20A 0.8 A21C 1.6 V18P 2.8
V18A 0.5 E22A 0.1 E22C 1.9 F19P 3.2
V18D 1.3 V24A 1.4 D23C 0 F20P 3.2
V18E 0.7 G25A 0.8 V24C 1.5 A21P 1.2
V18F -0.1 S26A 0.3 G25C 1.5 E22P -0.3
V18G 0 N27A 1 S26C 0.8 D23P -0.3
V18H 0.5 K28A 0.9 N27C 1.5 V24P 1.4
V18l -0.6 G29A -0.1 K28C 0.9 G25P 21
V18K 1.3 I31A 2 G29C 1.5 S26P 1.6
V18L 0 132A 1 A30C 0.7 N27P 0.8
V18N 0.4 G33A 0.5 131C 1.5 K28P 0.9
V18P 1.1 L34A 1.2 132C 2.2 G29P 0.5
V18Q 0 M35A 1.1 G33C 0.4 A30P 0.1
V18R 0.3 V36A 1 L34C 1.7 131P 21
V18S 1.1 G37A 0.8 M35C 1.9 132P 2.2
V18T 0.2 G38A 0.7 V36C 1.7 G33P 1.8
V18W -0.1 V39A 0.3 G38C 0.9 L34P 1.5
V18Y -0.7 V40A 0.4 M35P 0.8
V36P 1
G37P 0.4
G38P 0.6
V39P 0.4

@ AB(1-40): DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV.
®Values expressed in kcal/mol. AG,; =-6.4 kcal/mol

°AG calculated by AG=-RTIn(1/c,). AAG=AG,tant — AGt Positive value indicates less
"stable fibrils".

Data taken from Ref. 7. °Data taken from Ref. 27. ‘Data taken from Ref 28.

9Data taken from Ref 29. "Data taken from Ref. 30




implicated in amyloid formation are discussed in greater detail below. The focus is on
mutations to segments of or full length AB(1-42) and the resulting changes in fibril
stability (Table 1) or the kinetics of amyloid formation, although studies conducted in

other model peptides or proteins are mentioned for comparison.

Hydrophobicity

The physiochemical property of a polypeptide that is most often considered to have the
largest effect on fibril formation is hydrophobicity.>>% 3% 40:4243:49° At first glance, this
makes sense as the hydrophobicity will determine whether a peptide is more likely to
interact with an aqueous solvent or with itself. If the peptide is composed of several
hydrophobic groups such as Ile, Leu, and Phe, logically, it should be significantly more
likely to aggregate in some fashion, although not necessarily to amyloid fibrils. To
further demonstrate this idea, consider the amino acids Asn and Ser compared to Ile,
Phe, or Leu. Asn and Ser are both hydrophilic, and it has been shown that mutating
either of these amino acids to a more hydrophobic amino acid will encourage
aggregation (Table 1).7%3% #3456 1 contrast, the more hydrophobic amino acids such
as Ile, Phe, and Leu have a much higher propensity to form amyloid fibrils when insertd
into an amyloidogenic peptide (Table 1). % 3% 3% 3% 40:48:56 Gpne amino acid that does not
follow this trend very well is hydrophilic Gln that is shown to be capable of forming
amyloid in previous studies.”® >’ Gln repeats are also associated with Parkinson’s
disease, demonstrating that it is a hydrophilic amino acid that, at least in continuous

repeats, forms fibrils.”’



Solubility

A property of an amino acid that is similar to hydrophobicity is solubility, and due to
how closely the two are related, it is very difficult to study these two properties
separately, perhaps more so than hydrophobicity and any other physiochemical property.
Solubility should have an effect on amyloid formation based on the same arguments

used for hydrophobicity: how the peptide interacts with the solution as compared to itself
should predetermine aggregation propensity. Despite the similarity in hydrophobicity to

50; 52

solubility, the latter is often overlooked in favor of the former, and in only one

instance is solubility considered to significantly contribute to amyloidosis.™

Because the hydrophobicity and solubility of a residue are so complementary, examples
that alter fibril formation would, overall, be the same between these two properties.
However, there are some instances where they can be distinguished; the most telling is
when comparing Gln and Ser. The physiochemical properties of these two amino acids
are all comparable, except for solubility, where Ser is found to be significantly more
soluble than GIn.”® Therefore, a large difference in the propensity of these two amino
acids to form amyloid can be attributed to the change in solubility. Because Ser is much
more soluble, and is also much less likely to form amyloid, we can say with a fair degree
of certainty that the solubility is to blame for reduced fibril formation when Ser is

substituted for Gln in various peptides.? 3% **
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B-strand propensity

Secondary structure propensity of a residue has been implicated as a factor in amyloid
formation. However, only B-strand propensity is addressed here because it is more
commonly considered important since the basic structure of a fibril is B-sheet

34 39:41: 42, 45: 4851 52:3961 1 (yoically, an increase in the B-strand propensity

conformation.
of a peptide should increase the probability of that peptide to form amyloid fibrils, and
this has been shown to be true.*®*"*>* ! Conversely, introducing amino acids with a

low propensity for B-strand formation discourages fibril formation, most likely due to

the probability of the mutated amino acid disrupting the B-strand structure.”

Two amino acids that are known to disrupt (3-strand structure are Pro and Gly, both of
which have been shown to be poor amyloid forming amino acids (Table 1).2% 3% 3% 4348
The amino acids that have a high 3-strand propensity (i.e. Phe, Tyr, and Ile) are among
the top amyloid formers,*’ however, there is difficulty determining whether the ability to
form fibrils is due to B-strand propensity, hydrophobicity, or solubility since many of the
amino acids that are likely to form B-strand are also hydrophobic and show less

solubility, and all three of these physiochemical properties should encourage amyloid

formation.

Electrostatic interactions
Introducing charged amino acids into a peptide can have a substantial inhibitory effect

on amyloid formation, and has therefore been one of the prevalent contenders in
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33; 44, 49, 53; 62

determining fibrillation. Replacement of hydrophobic, low solubility

residues like Val or Ile with charged amino acids such as Glu, Lys, or Arg has been

32;42
*** However, there are

shown to significantly reduce fibril formation (Table 1).
instances where charge encourages aggregation due to electrostatic attraction between
oppositely charged residues like Glu and Lys, *' which is similar to what we found in our
studies of AB(25-35) (Chapter V). Both of these instances make sense as they relate
back to the basic properties of electrostatic interactions where like charges repel and
opposite charges attract. It is also logical that the introduction of a single positive charge
to an already positively charged peptide inhibits aggregation, while the addition of a

negative charge to the same peptide would be more likely to encourage peptide-peptide

interactions and possibly amyloid formation.

Glu and Lys have several physiochemical properties in common, suggesting that the two
might show similar amyloid formation tendencies, and this has been shown to be the
case in one study.*® However, other studies utilizing different host peptides demonstrate
Glu as being significantly more likely to form fibrils than Lys.**** This disagreement is
seen when comparing all of the charged amino acids. Most likely, the dissention is due
to the context of each amino acid in question and any charge-charge interactions

between the amino acid and neighboring residues.

Aromaticity

Like hydrophobicity, it is difficult to differentiate the effects of aromaticity from other
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physiochemical properties of peptides, i.e. hydrophobicity, solubility, and B-strand
propensity since amino acids that are aromatic are hydrophobic, low on the solubility
scale, and are likely to form B-strands. However, aromatic residues are, on occasion,

implicated for increasing amyloid formation due to stabilizing -m stacking.*® ®* T

na
majority of the studies that proclaim aromaticity of the peptide promotes fibril
formation, it is more the result of noticing the prevalence of aromatic residues in
amyloidogenic peptides than a strategic mutational analysis to test the effect of
introducing aromatic side groups.®*®* Another study that examined the importance of
aromatic groups mutated from Phe and Tyr groups in acylphosphatase®® and p2-
microglobulin® and found in most cases, the rates of aggregation decreased. However,
the mutations that removed aromaticity also changed all of the physiochemical
properties known to affect amyloid formation, making the effect of residue aromaticity
on aggregation hard to determine. It is possible that aromatic groups could play a role in
fibril formation as three of the amino acids that have been shown to encourage
aggregation are aromatic (Phe, Tyr, and Trp).”**** However, the other physiochemical
properties of these three amino acids are also favorable for amyloidosis. Therefore,

unfortunately, there is not enough data right now to state whether this is a true

correlation or due to the other physiochemical properties of the aromatic amino acids.

Methionine oxidation
Much of the focus thus far has been on the physiochemical properties of amino acids that

have been shown to have a noticeable effect on amyloid formation, however there are
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other factors that should be mentioned when discussing fibrilogenesis. Over the years,
oxidation of Met to Met-sulfoxide has been found to be increasingly important in
aggregation of various peptides and subsequent neurodegeneration.®®®® Of particular
interest, Met35 in AP has been frequently studied to determine the importance of the
oxidation state on amyloid formation, although other peptides and proteins with
oxidizable groups have been examined also. Oxidizing Met has been found, in many
cases, to inhibit aggregation or cytotoxicity, typically in AB.®*"® The common
consensus as to why oxidation of Met inhibits aggregation is the alteration of the
interactions between the oxidized Met and surrounding residues, specifically, electronic

and hydrophobic interactions.*® *% ¢

Oxidation, however, is rarely included in the prediction of fibrillation due to the rarity of
Met as well as the importance of Met placement within the peptide.®® Due to this,
oxidation is often overlooked in favor of the more prevalent physiochemical properties
that have been shown to have a consistent, and more independent of context, effect on
aggregation. Again, there is the possibility that the change in oxidation state changes a
more prominent physiochemical property, i.e. hydrophobicity, and it is the change in

hydrophobicity rather than oxidation that affects aggregation.

Sequence
In a variety of proteins and peptides, it has been shown that more than just the

composition of amino acids is important: that the sequence of the residues has a large
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71; 72

effect on amyloid formation. This is usually attributed to the patterning of the

amino acids, primarily alternating polar and nonpolar residues that easily gives rise to 3-
strand structure due to the 2 residue periodicity of a B-strand.”*”® Since amyloid fibrils
are in a -strand conformation, any pattern that increases the probability of forming -
strand also increases the probability of forming fibrils. This has been demonstrated with
de novo peptides that have the alternating polar/nonpolar pattern that were able to form
fibrils.”* " That study found that the periodicity of amino acids dictated the secondary
structure assumed, as opposed to the propensity of the amino acids used. This shows
that even though the individual amino acid composition is important, the sequence, or

context for mutated residues, can be equally as crucial for fibril formation.

Solution conditions

Solution conditions must also be taken into account when studying amyloid formation,
since they certainly have an effect on the structure, rate, and extent of aggregation.®' "'
The most obvious of these is temperature.®’ 8% Temperature is complicated because
it can have a significant effect on amyloidosis by influencing a variety of
physiochemical properties. However, temperature can also destabilize any structure a
protein or peptide may have, which should allow aggregation. Another prominent
variable that affects amyloid formation is pH, which in some cases inhibitory and in
others, promoting.®" 3 #:% What is difficult about determining the importance of pH is

that it directly affects charge, and therefore also the hydrophobicity and solubility,

leaving the actual root of the amyloid formation unknown. Also, in order to predict
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whether pH will adversely affect fibril formation depends on the pl of the peptide.50 As
the pH approaches the pl, aggregation increases. Salt concentration has also been shown
to affect amyloidosis since the salt ions can screen the charges on the peptide and
promote aggregation.””’’ In addition to charge screening, salts such as GuHCI, can
denature any peptide or protein structure, which also has been shown to encourage
fibrillation, presumably by destabilizing the structure and allowing non-native

interactions.®®

A point of contention in literature is the importance of agitation versus quiescent
conditions during incubation. Agitation is often discussed as a possible promoter of
fibril formation since keeping the solution in motion should allow the peptide to interact
and aggregate, therefore lowering the time needed for aggregation.”® ™ 8% Although, it
has also been suggested that quiescent conditions are more conducive to stable amyloid
fibrils.”® In this debate at least, it appears that the goals of each experiment should

dictate whether agitation or quiescence is more appropriate.

Prediction methods

Thus far, the various properties and factors have been discussed; however they have not
been described in context of the various prediction methods. There have been several
attempts to predict amyloid formation from sequence considerations alone. Each

method is unique, though there are common physiochemical properties between them.
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To demonstrate the variety of prediction methods, two will be examined that have been

reported to predict amyloidogenic regions of a peptide.

Dobson and coworkers*® define the propensity of a peptide to aggregate, Page, as:

Pagg = ahydrolhydm + aala + aﬂlﬂ + Cpat “ ach]Ch (2)
"9 j5 the additive hydrophobicity of each residue in the sequence with a range of -4 for
Arg to +2.3 for Phe.* 1%is the combined a-helical propensity of the sequence and has a
range of -0.4 for Leu to +0.6 for Cys; the values for Gly and Pro were set by Dobson,

48,90 1B 5o the pooled B-strand propensity of the sequence

et.al. as 2 and 1.5, respectively.
with a range of -0.8 for Ile to +1.7 for Gln; the Pro value was also set by Dobson, et.al.
at 0.1.%%°° The collective values calculated for IV, 1%, and I? were all normalized to
the length of the sequence. I’ is the patterning of hydrophobic residues and is
calculated by adding +1 for each region of five consecutive alternating

48,73 Finally, " is the absolute value

hydrophobic/hydrophilic residues in the sequence.
of the net charge of the peptide.*® The coefficients for hydrophobicity, patterning, and
[-strand propensity demonstrate that these factors encourage amyloid formation.
However, the opposite is true of the a-helical propensity and net charge coefficients, two
physiochemical properties that are commonly shown to inhibit amyloid formation. The

coefficients range from -1.99 for hydrophobicity to +5.0 for -strand propensity,

showing that each of the properties contributes differently to amyloid formation. The
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two properties that have the smallest coefficient are charge and patterning, signifying

that these are thought to have a nominal effect on aggregation.

Caflisch and coworkers have taken a different approach to the aggregation-prone regions
of a peptide.”® In their method the aggregation propensity is calculated using
aromaticity, B-strand propensity, charge, solubility, accessible surface area, and several
other properties. As opposed to the Dobson’s method, this more complicated approach
expresses the perceived importance of each property by its placement in several levels of
algorithms. Specifically, the solubility and accessible surface area minimally add to
aggregation, while aromaticity, B-strand propensity, and charge are thought to have a

much larger effect.

TANGO™**! is a program that attempts to predict B-aggregation, which certainly could
be the same as amyloid fibrils, though, is not necessarily so. This program uses several
of the same physiochemical properties as the Dobson and Caflisch algorithms, i.e.
hydrophobicity, electrostatics, and B-sheet propensity; however, TANGO adds in
something new: hydrogen bonding. Hydrogen bonding is not commonly assumed to
have an effect on aggregation, although inclusion of hydrogen bonding into the TANGO
program increased the correlation value, suggesting that perhaps it should not be

overlooked.
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9293 1t is clear that Waltz

Another prediction program is Waltz from Switch laboratory.
takes into account similar physiochemical properties as the aforementioned methods;

unfortunately, the specific properties and weights are not described, and therefore cannot

be discussed here.

Each of these models emphasizes different properties that are believed to be crucial to
amyloidosis, though there are some commonalities. For example, at least three of the
methods take -strand propensity and charge into account, implying that these two
physiochemical properties are believed to be important for fibril formation, which is
supported by the literature surveyed earlier. However, where Dobson, et.al. examine the
effect of hydrophobicity, a-helical propensity, and hydrophobic patterning, Caflisch,
et.al. look at aromaticity, solubility, and accessible surface area and TANGO accounts
for hydrogen bonding. Several of these properties are not as well supported in literature,
and therefore are more open to speculation as to their importance to fibril formation.
Despite the differences in these methods, all are able to predict amyloid formation with a
fair degree of accuracy, though none are ideal, which demonstrates that further studies
must be done to determine the effect of each property to construct a more accurate

prediction method.

Conclusions
It is clear that the physiochemical properties of the polypeptide that influence amyloid

formation are still not well understood, in part because so many of the properties are
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closely related. To further highlight how little is known, we see that not only is the
composition important for amyloidosis, but the context of each residue appears to have
an effect. Despite how difficult it is to distinguish between the various physiochemical
properties, it is possible, and therefore a relative importance of each property is
achievable given careful, deliberate studies using an assortment of proteins and peptides

to ensure that residue context is taken into account.
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CHAPTER IT

MATERIALS AND METHODS

Peptide synthesis reagents and FPLC/HPLC buffer materials were procured from
Advanced Chemtech (Louisville, KY'), Aldrich, (St. Louis, MO), and Fisher Scientific
(Pittsburgh, PA). Filters used for FPLC/HPLC solutions and buffers were purchased
from Millipore (Ireland). All other filters were from Pall Corporation (Cornwall, UK).
Buffers, salts, and cosolvents were obtained from Sigma-Aldrich (St. Louis, MO), EM
Science (Gibbstown, NJ), EMD (Gibbstown, NJ), and Acros (NJ). Reagents for
negative stain electron microscopy were purchased from Electron Microscopy Sciences
(Hatfield, PA). Cytotoxicity assay reagents were from Invitrogen (Carlsbad, CA) and
VWR (Westchester, PA), and the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) solutions

were from Promega (Madison, WI).

The identities of all synthetic peptides were confirmed by MALDI-TOF mass
spectrometry at the Texas A&M University Protein Chemistry Laboratory. Purity was
confirmed by an analytical 15 RPC column attached to an Akta FPLC/HPLC hybrid
using a water/acetonitrile (with 0.1% trifluoroacetic acid) gradient. Data acquisition was
facilitated by complimentary software associated with each instrument, and data analysis

was performed using Kaleidagraph® software (Synergy software, Reading, PA).
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Peptide synthesis

The procedure for solid-phase peptide synthesis and subsequent purification was
modified from a previously described method.”* The peptides were synthesized using
standard Fmoc chemistry with N-methyl-2-pyrrolidinone (NMP) as the solvent. Wang
resin was used, and both termini were left unblocked in the final peptides. A ‘tea bag’
method was used where the resin was contained in a sealed mesh bag for easy
transference between containers. NMP, N,N-Diisopropylethylamine (DIPEA), 1-
hydroxy-7-benaotriazole (HOBt), O-(1H-benzotriazole-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU), and amino acids (Fmoc-Ala-OH,
Fmoc-Asn(Trt)-OH, Fmoc-Gly-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Met-OH, and Fmoc-Ser(tBu)-OH) were used for each synthesis, and the scale was
0.1 mmol of resin (0.74 mmol/g) with five fold molar excess of HOBt, HBTU, and

amino acids in 5 mL NMP.

Each round of solid-phase peptide synthesis consisted of three steps (Fig. 3). First, 20%
piperidine in NMP was used for two periods of 3 minutes and 7 minutes to remove the
protecting group on the resin or preceding residue and prepare it for the addition of an
amino acid. Second, while the mesh bags filled with resin were washed 10 times with
NMP to ensure removal of all piperidine, 5 mL of NMP was combined with HOBt, then
with the amino acid/HBTU mixture and a 10 molar excess of DIPEA. Third, the amino
acid solution was added to the ‘tea bags’ and the combination was covered with foil and

was gently agitated for at least 4 hours and as long as overnight. After the allotted time,
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the ‘tea bag’ was washed with NMP and the process repeated until the peptide was
complete. Then the ‘tea bag’ was washed again with 20% piperidine and 5 times with

NMP and 5 times with ethanol and allowed to dry overnight in a fumehood.

Step 20% piperidine NMP | Amino acid/HOBt/HBTU/DIPEA
P Removal of a-amino Wash Amino acid addition to
urpose protecting groups as peptide chain
10 one i
Duration 3 minutes & 7 minutes minute 4 hours - overnight
cycles

Figure 3. A schematic representation of the protocol for solid phase peptide synthesis
used for all peptides.

After the peptides were synthesized, the ‘tea bags’ were submerged in 5 mL of Reagent
R (4 mL trifluoroacetic acid, 0.5 mL thioanisone, 0.3 mL ethanedithiol, and 0.2 mL
anisole) for two hours. Reagent R was used to cleave the peptide from the resin, remove
the side-chain protecting groups of Fmoc-Asn(Trt)-OH, Fmoc-Lys(Boc)-OH, and Fmoc-
Ser(tBu)-OH, and ‘scavenge’ the newly freed protecting groups to ensure that they did
not react with the peptide. The resulting mixture was added to 30 mL of cold methyl-
tert-butyl ether in a 50 mL Falcon tube and placed in a flammable storage freezer
overnight to induce precipitation of the peptide. Then the Falcon tubes were centrifuged
at 4°C using a Beckman model J-6B centrifuge to pellet the peptide precipitate at 1,500

rpm for 15 minutes. The ether was decanted and the pellet dried by evaporation under a
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fume hood. The dried pellet was redissolved in 5% Acetonitrile, frozen, and lyophilized

to a white powder.

The powder was dissolved into 88% formic acid, filtered with a Acrodisc syringe filter
with 0.22 pm Supor membrane, and purified by an Akta FPLC/HPLC hybrid using a
prep 15 RPC column and a water/acetonitrile (with 0.1% trifluoroacetic acid) gradient
and lyophilized to a white powder. FPLC buffers were filtered with 0.22 pm GV

Durapore membrane filters.

Preparation of peptide stock solution

The peptides were dissolved in 88% formic acid and stored at -80° C. Prior to the start
of an aggregation assay, stocks were thawed and the formic acid was neutralized with 10
M sodium hydroxide and diluted to 0.5 mL, 1 mL, or 2 mL, depending on the assay,
providing a sodium formate buffer of approximately 180 mM at pH 5.5, pH 4.8, or pH
3.0. Prepared in this manner, the peptide in solution at time zero was all monomeric as

judged by an analytical 15 RPC FPLC column.

Disappearance of monomer assay

The primary method used to monitor aggregation is a disappearance of monomer assay
(DMA) introduced by Wetzel and co-workers.”>°> In this method, peptide samples of
approximately 45 pM were incubated in the sodium formate buffer with agitation at

37°C. Atregular intervals, the samples were removed from the incubator and
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centrifuged with a table top centrifuge at 13,000 rpm for ten minutes. 50 puL aliquots
were removed and injected onto an analytical 15SRPC column with a water/acetonitrile
(with 0.1% trifluoroacetic acid), which was connected to an Akta FPLC/HPLC hybrid
and peak heights in mAU were recorded for analysis. Critical concentration (C;) and
half-time (t;2) as described in Chapter I were the parameters used to compare fibril
formation. C, was determined as the y-intercept once aggregation reached what
appeared to be an equilibrium, and t;, was measured as the midpoint between initial

concentration and C; (Fig. 4).

The quantitation of the peptide was facilitated by the use of a standard curve (Fig. 5)
which was constructed using a desalted peptide in water with the concentration
determined by a UV-Vis spectrophotometer at 220 nm. Due to the large signal of formic
acid at 220 nm, desalting was required in order to obtain an accurate absorbance
measurement. The stock peptide for the standard curve determination was desalted
using a Harvard Apparatus Micro SpinColumn with G-10 gel, following the instructions

enclosed.

Dynamic light scattering

Samples were prepared the same as for the DMA. Specifically, samples of
approximately 45 uM were incubated in the sodium formate buffer with agitation at
37°C. Atregular intervals, samples were carefully transferred from a full 2 mL

incubation tube to a cuvette using wide bore pipette tips to ensure that there was minimal
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Figure 5. Standard curve of desalted AB(25-35) as measured by FPLC. The assay was
conducted as described in the text.
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disturbance of aggregates. Light scattering was measured with a Brookhaven
Instruments Corp. Zeta PALS at 660 nm at a 90° angle. The baselines were measured,
and mean diameters and size distributions were calculated using Brookhaven
Instruments Corp. Dynamic Light Scattering Software Ver. 3.55. Once the light
scattering was measured, the samples were transferred back to a 2 mL incubation tube
using wide bore pipette tips, and incubation was allowed to continue at 37°C with

agitation.

Thioflavin T fluorescence

Thioflavin T (ThT) fluorescence was used as one confirmation for amyloid formation.
The protocol was modified from previous work.” 200 uL samples were prepared with
10 uM ThT, 15 uM peptide, and 50 mM sodium phosphate at pH 6.0 in a Costar clear
bottom 96 well plate. The plate was sealed with Axygen Scientific aluminum sealing
film and incubated at 37°C with gentle agitation over the course of 24 days. A Spectra
Max Gemini was used to measure the fluorescence signal, and SOFTMax Pro 5.1.1 was
the program used to control the instrument. The excitation wavelength was 440 nm and
emission wavelength was 485 nm. The resulting fluorescence signals were divided by

the blank sample with ThT and no peptide, and those are the values reported.

Electron microscopy
Samples identical to those for the DMA were prepared by applying 5 pl of sample onto

freshly glow-discharged formvar-carbon coated 400-mesh copper gilder grids and left
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for 1 minute to adhere. Grids were then stained for 15 seconds using a 2% (w/v) aqueous
solution of uranyl acetate (pH 4.5) and then blotted dry. Specimens were observed on a
JEOL 1200EX transmission electron microscope operating at 100 Kv. Images were

recorded on Kodak 4489 film at calibrated magnifications and scanned to a computer.

Brain endothelial cell cytotoxicity

This method measures the mitochondrial activity of mouse brain endothelial cells, which
can be translated into cell viability. Peptides were desalted using Harvard Apparatus
Micro SpinColumn with G-10 gel, leaving the peptide in water at neutral-range pH.
Mouse brain endothelial cells (C57B1/6) were prepared by the Jane Welsh lab at the
Texas A&M College of Veterinary Medicine according to previous work.”® Frozen cells
were received and thawed in 37°C water bath for approximately one minute. Cells were
then transferred to a T75 flask coated in a 1 mg/mL gelatin mixture, and were incubated

with 12 mL of media.

For each assay, cells were incubated with 2 mL of 0.25% trypisin-EDTA at 37°C for 3
minutes to remove the cells from a T75 cell culture flask. The reaction was stopped with
the addition of 2 mL of Iscove’s Modified Dulbecco’s Medium (IMDM) complete media
containing 10% fetal bovine serum (FBS), 1% antibiotic/antimycotic, and 1% L-
glutamine. The cells were collected by centrifugation (2000 rpm) for 5 minutes. The
media was aspirated off and replaced with 1 mL of fresh complete media. Re-

suspension was accomplished with repeated gentle pipetting. Using a Bright-Line
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hemocytometer, the cells were counted and plated in complete media in a cell culture
treated 96-well plates at 7000 cells per well. Cells were incubated overnight at 37°C in

5% carbon dioxide (CO, incubator from Nuaire, Inc in Plymouth, MN).

Before treatment with peptide, the 96-well plates were rinsed with plain treatment media
to remove serum. Cells were treated with varying concentrations of peptide and 1%
serum in 100 pL. Cells treated with antibody and peptide received 50 pL of antibody
first, then 50 pL of peptide and 1% serum for a final concentration of 10 mg/mL of
antibody in a total volume of 100 L. Antibody was allowed to incubate for 30 minutes
before the peptide was added in 50 pL sample for a total of 100 pL. Cells were

incubated for 24 hours at 37°C and 5% carbon dioxide.

To measure cell viability, 20 uL 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) solution
was added to each well and allowed to incubate for 2 hours, then absorbance was
measured at 490 nm. Active mitochondria convert the MTS to formazan, which
indicates healthy cells; no conversion suggests a reduced number of active mitochondria
and therefore, cell death. This is an indirect measurement of cell viability and does not

signify apoptosis.



30

CHAPTER III

AB(25-35) AMYLOID FORMATION REVISITED: A MODEL WITH A TWIST

Introduction

Over 5 million people in the United States have the neurodegenerative disorder,
Alzheimer’s disease (AD).> AD and other similar diseases are termed amyloid diseases
since the main hallmark is the presence of amyloid plaques in affected tissues. Within
the plaques are fibrils, which are misfolded proteins or peptides arranged in B-sheet
conformation. The peptide found in plaques from patients with AD is AB(1-42), which
is a well characterized amyloid peptide that is a product of cleaving the amyloid
precursor protein (APP).**°" It is the aggregation of this peptide that is thought to be a

cause of AD.

There have been several models proposed for the mechanism of amyloid formation; one
of the most popular is called nucleated polymerization, where the initiation of fibril
formation depends on a slow nucleation step.”®'® The nucleated polymerization model
has three distinct steps: nucleation, elongation, and equilibrium. Nucleation and the
associated lag time is necessary to form a nucleus, which is an oligomer of appropriate
size consisting of misfolded protein or peptide that is able to initiate amyloid
formation.”® '™ Elongation is the spontaneous formation of fibrils by addition of peptide
to the nucleus. Equilibrium is the final stage where fibrils are the dominant species and

the suspension is relatively stable. This basic model, or variations of it, appear to
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describe the kinetic process of amyloid formation in polypeptides, but doesn’t address

some other important aspects of amyloid diseases.

For many years, it was assumed that the density of amyloid plaques directly reflected the
progression of disease; however, in more recent years, it has become apparent that the
correlation between plaque density and neurodegeneration is not as strong as expected.?"
25101 With this in mind, other aspects of the aggregation process has been studied, and
there appears to be a higher correlation between the concentration of soluble oligomers
found in the early stages of amyloid formation and progression of AD.*" ?2
Consequently, it has been suggested that these early soluble oligomers are the toxic
species in the amyloid formation process and are responsible for the disease.”
Therefore, it is important to detect and characterize these intermediate steps of amyloid
formation in hopes of further identifying the toxic species. Unfortunately, it is
complicated to study these early oligomers because they are usually transient, difficult to

isolate, and part of a heterogeneous population of species present at the early stages of

amyloid formation.

In this study, we utilize an eleven residue fragment of AB(1-42), termed APB(25-35), that
forms amyloid fibrils similar to the full length peptide and is cytotoxic like the full-
length peptide.'® '"*!'° We examine the aggregation of AB(25-35) at pH 3.0, because at
this low pH we are able to detect and characterize several intermediates in the

aggregation process. To observe the process, we use an FPLC assay that measures the
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Figure 6. The time course for amyloid formation in AB(25-35) as monitored by several
different probes. The disappearance of monomer assay (red circle), dynamic light
scattering (blue square), and ThT fluorescence (green triangle) results are shown. The
error bars denote standard deviation between experiments. The curves through the data
points are meant to guide the eye.
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disappearance of the monomeric peptide, as well as dynamic light scattering, electron
microscopy, and Thioflavin T (ThT) fluorescence, a standard amyloid specific assay.
With the combined strengths of these four methods, we are better able to follow the
process of aggregation from monomeric peptides to macroscopic fibrils and gain some

insight into the amyloidosis process.

Results

Disappearance of monomer

The starting point for our aggregation process is the monomeric peptide; therefore, it is
the first logical species to monitor. To do this, we use a disappearance of monomer
assay (DMA), which utilizes a chromatographic separation (FPLC) and quantitation
method to measure the changes in monomer concentration over time. As shown in
Figure 6, the concentration of the monomeric peptide fluctuates between 39 and 46 pM
for the first 40 hours, while the expected initial concentration is 45 uM. Thereafter is a
period of approximately 250 hours where the concentration decreases from 39 uM to 2
uM. Within this transition region, between 50 and 100 hours, there appears to be an
intermediate step in the aggregation process. At the end of this period, and certainly
around 290 hours after the start of the assay, the monomeric peptide concentration is

essentially undetectable, and remains that way indefinitely.

Appearance of oligomeric intermediate species

To detect and characterize any intermediates, we utilize dynamic light scattering (DLS)
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to measure the mean diameter of the aggregates in suspension. In a majority of samples,
specifically those between 80 and 290 hours where the disappearance of monomer assay
is in the transition region (Fig. 6), we see two very distinct populations by DLS: a minor
population with particles of <180 nm in diameter, and one major population with
particles of = 4 um in diameter (Fig. 7). There is also limited evidence of an extremely
small population of much larger aggregates, on the scale of 10 um. This significantly
larger species only constitutes a few particles in the entire sample. Due to this varied

population, we use the normalized mean diameter in Figure 6.

The first instance of a measurable oligomeric species is as early as 30 minutes after the
assay begins, and this first oligomer has a mean diameter of approximately 400 nm (Fig.
6). The size of these intermediates increases over the first 80 hours. The intermediate
mean diameter remains relatively constant, though it varies between 3 to almost 5 pm
over the next 160 hours. The final stage of aggregation as measured by the DLS is
roughly 290 hours into the reaction when the effective diameter of the dominant species

jumps to > 20 pm.

Formation of amyloid

The amyloid specific assay that we employ is thioflavin T (ThT) fluorescence. ThT is a
fluorescent dye that binds to amyloid fibrils, and possibly to prefibrillar species as
well.'"""'® When bound to amyloid, ThT will fluoresce several orders of magnitude

higher than unbound ThT, providing a sensitive test for presence of amyloid.'''!¢
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For the first 50 hours, the fluorescence signal is small and constant (Fig. 6). However,
as early as 70 hours, we see a sharp increase in the fluorescence signal that continues to
rise over the next 70 hours, to reach a maximum signal 140 hours after the start of the
assay. It is after this point that the signal begins to decrease on a much longer time scale
than the initial increase in fluorescence. Then, at 380 hours, the decrease appears to
perturb until the last time point at 580 hours, where the fluorescence signal is

approximately 20% of the peak signal.

Electron microscopic characterization

Together, the methods described above allow us measure the disappearance of the
monomeric peptide along with the appearance of intermediates and amyloid fibrils. The
last method that we use, electron microscopy (EM), traverses most of the aggregation
process from the initial small aggregates to the fibrils at the final stage of aggregation.
With the micrographs taken over the course of the assay, we see snapshots of the
aggregation process in order to better understand some features of the aggregation
process that are not as readily observed using other methods. Despite the heterogeneity
of the aggregates in the fibril formation process, we have attempted to show micrographs
that represent the major species found at that point in time to provide the most accurate

description of the aggregation process.

The first observable aggregates are found within the initial 24 hours. These aggregates

are spherical and are as small as 5 nm and as large as 20 nm in diameter (Fig. 8a). At
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Figure 8. Negative stain electron micrographs of AB(25-35) recorded at various times
during amyloidosis. (a.) 24 hours, (b.) 96 hours, (c.) 144 hours, (d.) rolled up sheet at
144 hours, (e.) 290 hours, and (f.) 480 hours. The scale bar in (a.) is 250 nm, and applies
to all micrographs except (d.), where the scale bar is 100 nm.
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around 100 hours, the 5 nm spherical aggregates are still present, though larger
filamentous aggregates are also observed (Fig. 8b). The filaments shown here are
approximately 100 nm in length and 5 nm wide, and upon closer examination, seem to
be composed of the 5 nm spherical aggregates. However, there is evidence of longer
filamentous aggregates beneath a thin sheet of peptide. We do not show the areas of the
grid with the thin sheet of peptide, as it makes the filamentous aggregates difficult to
distinguish. After 140 hours, there are a variety of aggregates observed (Fig. 8c). There
are chains of the spherical aggregates that range between 50 and 550 nm in length, as
well as a light dispersion of the small spherical aggregates. However, the largest
population is a filamentous aggregate that appears to be rolled sheets of peptide and
there are several instances of filaments in the middle of the process of rolling up into a
tube. These fibrillar tubes, not including the peptide sheet as yet unrolled, are all
approximately 10 nm in diameter and range in length from 60 nm to upwards of 380 nm

(Fig. 8d). We continue to see these rolled sheets of peptides for the next 48 hours.

As early as 192 hours, there are fibrils present that are over 500 nm in length and
approximately 20 nm wide (Fig. 8¢). We also see that there are rigid plates of peptide
that appear crystal-like, and in some cases, these plates appear to twist in a similar
fashion to amyloid fibrils. These plates and twisted plates are all over 100 nm in width
and have a large range of lengths, from 300 nm to over 1000 nm. After extensive
aggregation, 480 hours, there are more of the rigid plates while a substantial presence of

the twisted sheets remains (Fig. 8f). Our estimate is that essentially all of the total
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peptide is incorporated into these plates and twisted sheets.

Discussion

In recent years, evidence has been amassed that shows amyloid plaque density cannot
alone be used to determine the progression of disease in Alzheimer’s patients.”" > '*!
Instead, more emphasis has been placed on studying the steps of amyloid formation
since the early oligomers have been implicated in neurodegeneration and cell death.*'
Here, we show a modified version of a model (Fig. 9) that has recently been put forth
and is growing in popularity.''” This model suggests the fibril formation process can be
divided into distinct stages. The monomeric peptide or protein reversibly aggregates
into small oligomers, which in turn reversibly form larger aggregates. Once these larger
aggregates appear, there is an uncharacterized transition into prefibrillar species, and it is
assumed that at this stage the process becomes irreversible. The final step is then the
formation of amyloid fibrils by another irreversible process. In order to gain a more
complete understanding of the process of amyloid formation in a fragment of the A}
peptide, we employ a number of biophysical methods in the current study. Each of these
methods investigates a different step of the aggregation and therefore, collectively, a

more complete picture of the step by step process of amyloid formation can be

developed.

Before discussing the results in more detail, it should be pointed out that each of the

methods utilized has some limitations. The DMA is limited in that it does not show



40

a.) Supermolecular
OOO % assemblies
@) O - g% \4
o OO & o@) %
Monomer Small Large Prefibrillar  Fiprils
aggregates aggregates species
Twisted
sheets
Small Chains of Rolledup  Fibrils Plates
aggregates aggregates tubes

Figure 9. Comparing a general model of amyloid formation to electron microscopy data.
(a.) A general model of amyloid formation as adapted from Ref 114. The circles
indicate native or native-like structure of peptides or proteins and triangles indicate
peptides or proteins that have undergone a structural change that commits them to
amyloid formation. (b.) Models of the species observed by electron microscopy that
explain the relationship between the electron micrographs in Fig. 8 and the general
literature model. The picture of rolled up tubes is magnified to show detail.
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how the monomeric peptide assembles, only that it disappears. Also, the DMA can
partially disaggregate any loosely associated oligomers that may be in suspension,
therefore, it is really reporting on the concentration of monomeric peptide and any
weakly-associated aggregates. The DLS assay also has some limitations, especially for
the characterization of samples that are heterogeneous with respect to size, shape, and
distribution of aggregates and oligomers, like our amyloid samples. Characterization of
a complex mixture is difficult, and parsing the bulk data into individual components
requires some assumptions about the shape and size of each species. Nonetheless, DLS
provides a characterization that is useful in our attempt to understand amyloid formation
in this peptide system. While the ThT fluorescence assay is popular in the amyloid field,
there are several potential limitations that must be heeded. First, as a fluorescent
measurement, it is difficult to quantitate in an absolute sense and even comparisons
between samples are difficult except in a relative sense. Second, it is difficult to
adequately apply a solution based characterization to samples that are really suspensions.
Third, it is not known for certain what species in the mixture is binding ThT and causing
the fluorescent signal to change. Finally, in EM, the method is limited by what
aggregates will bind to the carbon support film as well as which aggregates can be
stained and visualized on the grid. Even with all these limitations, we feel that our use
of these multiple techniques helps provide a more complete picture of amyloid

formation.
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The first stage of the model is the monomeric peptide (Fig. 8a), and since there is
observable overlap of the monomeric peptide and small aggregates, it is useful to discuss
the first and second stages of the model together. As shown in Figure 7 (red circles), the
monomer concentration fluctuates at the beginning of the assay, possibly due to the
formation of small, loosely associated aggregates. This lag period lasts about 50 hours,
in which time we observed oligomers with diameters reaching from 20 (by EM; Fig. 8a)
to 400 nm (by DLS; Fig. 6, blue squares) that correspond to the second stage of the
model (Fig. 8a). These aggregates are also visualized in the first panel in Fig. 8b.
Despite the presence of aggregates at this early stage, there is no ThT fluorescence signal
(Fig. 6, green triangle), indicating no fibril or fibril-like aggregates, which is to be

expected since monomer and small oligomers appear to make up the solution.

Larger aggregates are considered the third stage of the model. As this stage is difficult
to distinguish from the prefibrillar species in the fourth stage, they are discussed together
(Fig. 8a). After the initial lag period observed in the DMA (Fig 6, red circles), there is a
transition region where the monomer concentration decreases over a 250 hour time span.
It appears that this is due to larger aggregates that are more tightly associated, and
therefore sediment during centrifugation before injection into the FPLC (Fig. 9b, panels
2 & 3). As the monomer concentration decreases during this 250 hour time period, the
overall oligomer size measured by DLS increases to diameters between 3 and 5 um (Fig.
6, blue squares). Because this coincides with the region of the DMA curve where the

monomer concentration is decreasing, these oligomers appear to be the committed step
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of aggregation (Fig. 9a, stage 4). It is also possible that these aggregates are the nuclei,
or the immediate precursors of nuclei that will lead to fibrils. Until these aggregates are
formed, it appears that the aggregation process is reversible since the smaller aggregates
seen using DLS can still dissociate to monomeric peptide on the FPLC. However, after
70 hours, there is a sharp increase in fluorescence that does indicate the presence of
fibrils and fibril-like aggregates (Fig. 9a, stages 4 and 5). The large error bars that we
see on the ThT curve between 96 hours and 170 hours are easily explained. The signal
reported here is an average of 4 separate samples, and as amyloid formation is a
stochastic process, these large errors suggest that the 4 samples form fibrils and fibril-
like aggregates at slightly different times. This is supported by the significantly smaller

error bars on many of the other ThT curve data points.

According to the EM data, small chains of the initial spherical aggregates are formed
after 100 hours of the aggregation process (Fig. 8b). Over the course of the DMA
transition region, these chains of aggregates (Fig. 9b, panel 2) appear to form thin sheets
of peptide through some unknown mechanism, and then begin to roll up to form tubes
approximately 140 hours into the process (Fig. 8c). This rolling up of the peptide sheet
(Fig. 9b, panel 3) continues over the next 48 hours and appears to be the main process of
filament formation. To our knowledge, this is a novel pathway unobserved with other
peptides or proteins. Since this is where we observe the largest ThT signal, it is
interesting to speculate that these tubes might be the species that binds the fluorescent

dye. This idea would explain why there is a decrease in the ThT fluorescence since
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these tubes transition into fibrils at approximately the same time as the decrease in
fluorescence which occurs immediately after the peak at 140 hours and continues

through the rest of stage 4 and stage 5.

The final stage of the model is characterized by a primary population of amyloid fibrils
(Fig. 9a). The period where the monomer is no longer detected by the DMA is most
likely where amyloid fibrils are the dominant species, and the system seems to have
reached a stable end or possibly an equilibrium point. At 290 hours, when the monomer
is undetectable, the oligomer size as measured by DLS rapidly increases until it reaches
a diameter of 23 um. These 23 um aggregates are most likely amyloid fibrils (Fig. 9a,

stage 5), based on their large size.

For the most part, the data presented herein appear to support many of the current
models of aggregation found in the literature (Fig. 9a). However, our EM evidence also
reveals some unexpected features of amyloid formation: the rolled sheets that are
assumed to represent the precursors of fibrils as well as two more species that are
observed after amyloid formation (Fig. 9b, panels 5 & 6). With extended incubation,
plates and twisted sheets are the only species that are observed by EM, implying that the
fibrils transition into these larger aggregates (Fig. 7f). We speculate that the fibrils grow
in width to become the twisted sheets, because we observe the twisted sheets alongside
amyloid fibrils at the 290 hour time point. Then, as the process continues these twisted

sheets become rigid and flatten to form the crystal-like plates. Upon even further
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incubation, it is anticipated that the plates would be the only species in suspension. This
is certainly another interesting step of the aggregation process as it is typically reported
in literature that fibrils are the final product and not the plates described here (Fig. 9).
This also introduces another possible explanation for the decrease of ThT fluorescence
as the assay continues; it is possible that the ThT binds the amyloid fibrils, but as the
fibrils transition into the plates, the ThT either does not bind as well or does not identify

the plates as amyloid.

Together, all of these data indicate an aggregation process that can be broken up into
steps easily visualized by EM: (1.) the monomer quickly aggregates into small, spherical
aggregates up to 400 nm in size in solution, (2.) these small aggregates come together to
form chains of aggregates of approximately 4000 nm in size in solution, and that bind to
ThT after 100 hours, (3.) by some unknown mechanism, at around 140 hours into the
process, the chains of spherical aggregates transform into small sheets of peptide that
roll up into fibrillar tubes which appear to bind ThT to give the highest fluorescent signal
of the assay, (4.) these fibrillar tubes grow in size by another unknown mechanism into
amyloid fibrils over 20 um in length at approximately 480 hours, and then (5.) the fibrils
grow in width to become twisted sheets and rigid, crystal-like plates of varying sizes.
Using the data from this study, we have a better understanding of the process of amyloid
formation, which is important for early detection, prevention, and treatment of amyloid
diseases, especially as it appears that it is the early aggregates that are responsible for

disease and cell death.
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CHAPTER 1V
SEQUENCE RANDOMIZATION AND ALANINE SCANNING MUTAGENESIS
REVEAL RESIDUES 30-35 AS A CRITICAL REGION FOR AMYLOID

FORMATION IN THE AB PEPTIDE

Introduction

Amyloid fibrils result from an ordered aggregation of certain proteins or peptides and is
associated with over twenty human ailments such as Alzheimer’s disease, type Il
diabetes, and dialysis related amyloidosis.''® The most prevalent amyloid disease is
Alzheimer’s disease, which afflicts 5.3 million people in the United States alone.’
Amyloid fibrils found in Alzheimer’s plaques are primarily composed of AB(1-42), a
well characterized peptide that is a product of cleaving the amyloid precursor protein
(APP).*>**7 Within this peptide, AB(25-35), an eleven residue fragment, is frequently
studied because it is capable of forming amyloid fibrils that are similar to the full length
wild-type peptide and it is also cytotoxic to many mammalian cells, including neuronal

CCHS.I& 102-110

An important strategy to help understand the features of amyloid formation is to
determine the smallest region of a protein or peptide that is capable of forming fibrils.
The amyloid core, or critical region, has been defined as the portion of a peptide in the
interior of the fibril structure, and it might be the initiation point for fibril formation.

Determining the core of an amyloidogenic peptide would be a significant discovery
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since it would provide a viable target region for drug binding in order to prevent
aggregation. Though many have tried to find the critical region of amyloid formation in
APB(25-35) using various methods, it is still unclear.'® ' Methods that have
commonly been employed to find cores include deletions or mutations that alter many of
the physiochemical properties of the peptide that could influence aggregation, such as
hydrophobicity, solubility, charge, and secondary structure propensity, any of which

could be the actual cause of any changes in amyloid formation.

A previous study identified residues 33-35 as a critical region of the AP peptide by using
successive terminal deletions.'® Later, hydrogen/deuterium (H/D) exchange and NMR
were utilized to determine the core as residues 28-35.""" A series of scanning
mutagenesis studies reported the minimum regions necessary for amyloid formation as
residues 31-34,29 residues 3 1-36,30 and residues 32-33.>' Each of these studies gave
slightly different results, possibly because, with the exception of the H/D exchange
studies, they changed the overall properties of the peptide — properties that have been

shown to have an effect on amyloid formation and the prediction thereof,?*=": 3% 41: 43:31:

323439 21 The only exception being the H/D exchange studies that did not alter any of

the physiochemical properties; however, this method searches simply for the protected

portions of the peptide within the fibril structure, which might be larger than the core.

Here we use partial sequence randomization to minimize the changes in the overall

physiochemical properties of the peptide to determine the critical region of AB(25-35) is
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AB(30-35) (Table 2). AB(30-35) was able to aggregate similarly to AB(25-35), which in
turn, aggregated like the full length AB(1-42), and disruption of this region inhibited
amyloid formation. To further elucidate precisely which residues were critical, Ala

scanning mutants of the peptide were also studied by a variety of methods.

Table 2. Sequence and amyloid formation of randomized peptides

Peptide Sequence® Aggregationb
AB(25-35) GSNKGAIIGLM +
NScr NGSKGAIIGLM +
'NScr GKSGNAIIGLM +
CScr GSNKGAIILMG -
'‘CScr GSNKGALIGMI -
N/CScr NGSKGAIILMG -
MScr GSNIAIKGGLM -
[I-MScr GSNIIAKGGLM -
IG-MScr GSNIGIKAGLM -

# Randomized regions are bolded
b (+) denotes aggregation; '(--) denotes no aggregation

Results

The primary method we used to study amyloid formation is a disappearance of monomer
assay (DMA). Dynamic light scattering (DLS) was used to detect the presence and
approximate size of aggregates. Thioflavin T (ThT) fluorescence, an amyloid specific

111-116
fluorescent dye,

to confirm the presence of fibrils since the disappearance of
monomer assay and DLS cannot distinguish between amyloid and other aggregates. Our

final in vitro method was electron microscopy (EM) for visual confirmation of fibrils

and other aggregates. These methods have been discussed in further detail previously
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(Chapter III). To give a complete picture in this study, we also utilize an in vivo
cytoxicity assay to determine the cytotoxic effect of AB(25-35), AB(30-35), and Ala

mutant peptides on rat brain endothelial cells.

Partially randomized sequence peptides

Our first approach to elucidate the amyloid core of AB(25-35) involved partially
randomizing the sequence of the peptide in order to maintain the overall physiochemical
properties of the peptide while disrupting the core, and performing only the DMA along
with ThT fluorescence. The peptides used in this study are shown in Table 1 and the

randomized, or scrambled, sections are bolded.

Of the eight partially randomized peptides, only the two N-terminal scrambled peptides,
NScr and ‘NScr, showed amyloid formation similar to wild-type AB(25-35). Both C-
terminal randomized peptides, CScr and ‘CScr, were unable to form amyloid for up to
one month of incubation. The N/CScr peptide, with both termini randomized, was also
unable to form fibrils for up to one month. Interestingly, CScr and N/CScr both
aggregated immediately as amorphous precipitates, not amyloid fibrils. The final set of
peptides, are the MScr series: MScr, II-MScr, and IG-MScr. The II-MScr and 1G-MScr,
were synthesized to test the significance of two consecutive Glys versus two consecutive
Iles on amyloid formation. MScr, II-MScr, and IG-MScr all showed no aggregation for

up to one month. These results, in addition to what was observed previously,'® *°>! led
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us to focus our study on the C-terminal region of AB(25-35), specifically the last six

residues: AIIGLM.
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Figure 10. Disappearance of monomer assay of wild-type AB(25-35) compared to
AB(30-35). AB(30-35) (circle) and AB(25-35) (square) in sodium formate buffer at pH
5.5 after agitating at 37° C. The graph shows the concentration of monomer as a
function of time. Error bars are one standard deviation from the average value of four
repeats.
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Comparing the aggregation of AB(25-35) to AB(30-35)

The first step in establishing whether AB(30-35) was the critical region of amyloid
formation was demonstrating that it could form fibrils like AB(25-35). As seen in Figure
10, the two peptides aggregated to the same extent; although, AB(30-35) took several
days to aggregate as completely as AB(25-35), where the monomeric peptide was

essentially undetectable after the first 8 hours.

Confirmation was needed that the peptides formed amyloid fibrils, therefore, we
performed the disappearance of monomer assay concurrently with a ThT fluorescence
assay for AB(30-35) and APB(25-35) (Fig. 11). For AB(30-35) the monomer
concentration decreased within the first 10 hours, but we observed no increase in
fluorescence until 50 hours, with no significant fluorescence until 100 hours. Note the
difference in the shape of the ThT fluorescence curve as compared to AB(25-35) in Fig.
11b, where the fluorescence increased immediately as the monomer decreased, both

occurring within 12 hours.
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Figure 11. Disappearance of monomer assay data of AB(30-35) and AB(25-35) plotted
against Thioflavin T fluorescence. (a.) Comparison of disappearance of monomer assay
data (circle) to Thioflavin T fluorescence data (solid line) of AB(30-35). (b.)
Comparison of disappearance of monomer assay data (circle) to Thioflavin T
fluorescence data (solid line) of AB(25-35). The lines are used to guide the eye. Error
bars are one standard deviation from the average value of four repeats.
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Figure 12. Negative stain electron micrographs of AB(30-35) and mutants. (a.) AB(30-
35) fibrils and plates present after 144 hours, (b.) AB(30-35) spherical aggregates present
after 48 hours, (c.) G33A fibrils and plates, and (d.) [32A with thin sheet of protein
overlaying spherical aggregates. Scale bar is 300 nm.

As a visual confirmation of fibril formation, samples were analyzed by EM. AB(30-35)
samples aged 50 hours gave spherical aggregates of varying sizes, averaging
approximately 40 nm in diameter (Fig. 12b), however, these did not bind to ThT (Fig.
13). After the samples were aged 150 hours, ThT fluorescence was observed (Fig. 13)

and fibrils were found along with crystal-like aggregates (Fig. 12a).
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Figure 13. Correlation of disappearance of monomer assay data (circle) and Thioflavin
T fluorescence data (solid line) to negative stain electron micrographs of AB(30-35).
Placement of micrographs indicates time point when sample was taken and examined
using electron microscopy: 48 hrs and 144 hrs. The lines are used to guide the eye.
Error bars are one standard deviation from the average value. Scale bar is 300 nm.
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Aggregation of Alanine scanning mutants

After confirming that AB(30-35) could form amyloid fibrils comparable to AB(25-35),
we compared amyloid formation in AB(30-35) to the Ala scanning mutants. All of the
Ala variants except G33A were unable to form amyloid fibrils for up to one week. This
is significantly longer than the time scale of aggregation for wild-type AB(30-35), which
showed substantial aggregation within 25 hours and full aggregation within 70

hours (Fig. 14). It is important to note here that G33A actually formed too quickly for
our assay to measure at pH 5.5, where the peptide charge is near neutral; therefore, it had
to be studied at pH 3.0 where the peptide had a positive charge and amyloid formation is
slower due to charge effects. G33A monomer reached an equilibrium with the fibrils
after approximately 25 hours, which was faster than AB(25-35) at pH 3.0. However, the
amount of monomeric peptide left in solution was around 12 puM, significantly higher
than with AB(25-35), where the monomeric peptide was undetectable. AB(30-35) did
not form amyloid after two weeks at this low pH, though there was some evidence that

the small aggregates in Fig. 12b were formed (data not shown).
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Figure 14. Disappearance of monomer assay data of AB(30-35) compared to Ala
mutants at pH 5.5. AB(30-35) (red), [31A (blue), I32A (green), G33A (charcoal), L34A
(purple), and M35A (cyan). Error bars are one standard deviation from average value of
four repeats.
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Dynamic Light Scattering

To better clarify and understand the aggregation and amyloid formation process, we
employed DLS. With this method, we were able to measure the effective diameter,
which is a weighted average, of the oligomers as well as observe the distribution of

population sizes (Table 3). Interestingly, the DLS analysis of all the peptides showed

Table 3. Aggregate sizes of AB(30-35) peptides measured by dynamic

light scattering
Effective Majority Minority
Peptide diameter*®  population size® population size®
AB(30-35) 1900 1080 uncharted
I31A 2600 60 900 & 7000°
I32A 900 1050 100 & 8400°
G33A 5100 uncharted 380
L34A 200 110 650
M35A 350 540 175

% Sizes measured in nm.

® Effective diameter is a weighted average of measure populations.

¢ Multiple minority populations were measured; the more populated species
is listed first.

'‘Uncharted' indicates values that were larger than the measured range
of the experiment.

aggregates of varying sizes after one week of incubation, despite appearing as monomer
in the DMA (Table 4). However, AB(30-35), I31A, I32A, and G33A all had aggregates
substantially larger than those found in the other variants. AB(30-35) aggregates had an
effective diameter of about 1.9 um, while I31A had aggregates with an approximate

diameter of 2.6 um (Table 3). 132A aggregates were 900 nm in diameter and G33A
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were approximately 5.1 pum. These large oligomer sizes were understandable for AB(30-
35) and G33A as they both showed a rapid decrease in the monomer concentration, and
tested positive for amyloid fibrils. What was surprising, though, was the presence of
these large oligomers in the [31A and 132A samples as these two mutants did not appear

to have a decrease in the monomer concentration, suggesting the absence of aggregation.

The other two mutants, L34A and M35A, of AB(30-35) showed aggregation by DLS
also, though significantly smaller in size. The effective diameter of the L34 A aggregates

were approximately 200 nm, and M35A aggregates were approximately 350 nm in

diameter (Table 3).

Fibril formation of Ala scanning mutants

As with wild-type AB(30-35), we tested the Ala scanning mutants for amyloid formation
using ThT and EM. G33A was the only peptide to show ThT binding, though the signal
was lower than that of AB(30-35). The electron micrographs of G33A had extremely
large fibrils that appeared as twisted ribbons bundled together that were several thousand
nanometers long and 50 nm in width (Fig. 12¢). Only one other mutant showed
aggregation with EM, however it was not amyloid; I32A had a very thin sheet of protein
overlaying small, loosely associated spherical aggregates of approximately 40 nm in size

that, when tested using FPLC, appeared as monomeric peptide (Fig. 12d and Fig. 14).
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Cytotoxicity of AP peptides

We assessed the cytotoxicity of AB(25-35), AB(30-35) and all of the Ala mutants of
APB(30-35) by an MTS assay that determines cell viability of rat brain endothelial cells
by measuring the mitochondrial activity. Neither AB(25-35) or AB(30-35) were
significantly cytotoxic at 10 uM, although at higher concentrations AB(25-35) was
cytotoxic. In contrast, all of the variant peptides were cytotoxic to rat brain endothelial
cells, even the peptides that demonstrated limited aggregation by other methods (Table
4). Of particular note are [32A and G33A, which were far more effective at killing cells
than the other peptides, even at 10 uM, where APB(25-35) had little effect. This result

was unexpected and rather puzzling.

Discussion
There are several methods that have been used in an attempt to determine the core

amyloid regions of peptides and proteins: terminal deletions,'® scanning mutagenesis,”"

31; 122 122 119; 123 124; 125

strategic proline mutations, “~ H/D exchange, proteolysis of fibrils, and
very recently, solid state nuclear magnetic resonance in conjunction with DLS and ThT
fluorescence.'*® To our knowledge, there have been no attempts to uncover the critical
region of an amyloid-forming polypeptide using partial randomization of the sequence,
as we have. The reason we chose to use partial randomization as our first step instead of
using any of the other methods is tied into the pitfalls of several of the aforementioned

methods: they search for the main region involved in fibril structure instead of the

critical region that is most likely responsible for initiation of aggregation, or they change
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the overall physiochemical properties of the peptide. It has been shown that changing
hydrophobicity, secondary structure propensity, charge, and other physiochemical
properties alters the ability of a peptide to form amyloid fibrils,2*>" 3% 41: 45: 31: 32: 54: 59: 121
Therefore, with methods such as terminal deletions and scanning mutagenesis, the

overall physiochemical properties of the peptide are altered, where partial randomization

minimizes or avoids changes in the physical properties of the peptides.

To test this idea, we randomized different regions of AB(25-35). Our results indicate
that the N-terminal region is not necessary for fibril formation since both NScr peptides
were able to form amyloid like wild-type AB(25-35). Because both C-terminal (CScr)
peptides as well as all three middle scramble (MScr) peptides were unable to form
amyloid fibrils, we concluded that the core region for amyloid formation resides within

the last six residues. Therefore, the C-terminal region was the focus for the rest of our

study (Table 2).

It was important to show that the truncated peptide was capable of forming amyloid
fibrils similar to the longer AB(25-35) since that would show that AB(30-35) contained
the amyloid core necessary for initiation of amyloid formation. As shown in Figure 10,
the truncated peptide aggregates to the same extent as AB(25-35), although AB(30-35)
did require 70 hours to fully aggregate as compared to 8 hours necessary for all of the
APB(25-35) monomer to disappear. This test alone did not show that AB(30-35) contains

the amyloid core, though it did lend strong evidence that the core was present in the
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hexapeptide. It also implied that if AB(30-35) did contain the core, the N-terminal

portion of AB(25-35) was important for fibril formation, but not critical.

As a more definite test to determine whether AB(30-35) was able to form amyloid, we
used both ThT fluorescence and EM for confirmation of amyloid fibrils (Figs. 11a and
12a). From these assays, we gathered that AB(30-35) formed fibrils and therefore,
contained the amyloid core. However, these tests also revealed an important difference
between AB(30-35) and the longer AB(25-35) that we had not been previously aware of:

the presence of a measurable intermediate step in the aggregation of AB(30-35).

The initial DMA (Fig. 10) hints at the presence of the intermediate aggregation step for
AB(30-35), although this intermediate was more clearly seen in the comparison between
disappearance of monomer, appearance of ThT fluorescence, and the spherical
aggregates observed using EM (Fig. 13). Between 10 and 50 hours, the monomer
concentration of AB(30-35) had decreased, but fluctuated before reaching a lower
equilibrium at 70 hours. Prior to 70 hours, there was a distinct lack of ThT fluorescence,
suggesting that nothing amyloid or amyloid-like was present. Also at this stage of
aggregation, we observed spherical aggregates with EM (Fig. 13). Similar spherical
aggregates of various diameters have been reported previously in the longer AB(1-40)
and AB(1-42) as well as other amyloidogenic proteins.'” '*"** In some cases, they

- . . 17; 128; 130-132; 134
were reported to be an intermediate step before fibrils were formed,'” '** 7T as
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appeared to be the case with AB(30-35); although in other peptides, these spherical
aggregates appeared to be stable so that fibrils were not observed even after a longer

incubation time.'?* 1*?

This difference in the observable process of aggregation between AB(25-35) and AB(30-
35) was further emphasized in Fig. 11, which showed the disappearance of AB(25-35)
monomer in conjunction with the development of ThT fluorescence. Due to the
immediate increase of AB(25-35) ThT fluorescence and our EM studies that was
simultaneous with the disappearance of monomer, it appears that the monomer is
forming amyloid fibrils directly with no measurable intermediate. Also of interest
between the ThT fluorescence of AB(30-35) and AB(25-35) was the difference in the
intensity of the fluorescent signal. AB(25-35) is known not to bind ThT very well due to
the hydrophobic nature of the peptide and the charge on the ThT molecule. However,
with AB(30-35) we removed the only charged residue from the peptide as well as the
polar residues, leaving the hydrophobic core and the charged termini. Therefore, this
truncated hydrophobic peptide should not bind ThT to near the same extent as the longer

AB(25-35), which appeared to be the case.

The error values of each peptide were calculated in relation to the average value at each
time point. Interestingly, the large error values of AB(30-35) as compared to the error
values of AB(25-35) in Fig. 10 and the Ala scanning mutant peptides in Fig. 14,

appeared to be a result of the transient nature of the spherical aggregates that could
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associate or dissociate easily, giving a wide range of monomer concentrations. This was
further supported by the smaller error values at time zero of AB(30-35) and during the
equilibrium where most if not all of the monomeric peptide was aggregated (Fig 10 and

Fig 14).

After demonstrating that AB(30-35) formed amyloid fibrils similarly to AB(25-35), we
proceeded to scan the rest of the peptide with Ala mutations. Recalling the two
parameters we use to compare amyloid-forming peptides, the critical concentration (C;)
that describes the extent of monomeric peptide conversion to fibril, and half-time (t;,,)
which relates to the speed of aggregation, the peptide that was most interesting in its
result was G33A. This peptide was not only the one mutant that formed amyloid fibrils,
but it actually formed fibrils better than wild-type, judging by the need of G33A to be
studied at a lower pH than wild-type since lowering the pH inhibits aggregation of the
peptides. G33A was certainly a faster amyloid former than AB(30-35) and AB(25-35),
however with a higher final concentration than AB(25-35), G33A did not appear to
aggregate to the same extent. The absence of aggregation of the other mutant peptides
demonstrates that the other four residues, Ile31, Ile32, Leu34, and Met35, were critical
for aggregation since mutating any of these four residues to Ala resulted in the loss of
fibril formation. With G33A, the increase in amyloidosis did not mean that position 33
was not critical for amyloid formation. On the contrary, it showed that Gly33 is a rather
important residue as mutating it to Ala notably increased the kinetics of fibril formation.

Ala has higher -strand propensity, hydrophobicity, and lower solubility as compared to
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Gly. Due to these changes in the physiochemical properties, one would expect that there

would be an increase in amyloid formation, which was exactly what we observed.

Substantial data in the literature have suggested that the oligomeric species is more
likely to be the cause of cell death than the amyloid fibrils.*'>*2%?7 Therefore, of
particular interest to us were the combined data from DLS and the cytotoxicity studies,
though the results were certainly unexpected. In an aqueous environment, it is natural
for hydrophobic peptides to aggregate, but the sizes of aggregates that we observed for
I31A and I32A appeared to be extremely large (Table 3), considering that they dissociate
easily enough to appear as monomer with FPLC (Fig. 14), and for only minor aggregates
to be observed for I32A with EM (Fig. 12d). At first glance, it might appear that the
presence of these large aggregates found in wild-type AB(30-35), I31A, I32A, and G33A
were the cause of the cytotoxicity as [32A and G33A were profoundly toxic while L34A
and M35A did not appear to have large oligomers and were not nearly as toxic (Table 4).
However, 131A was found to have these large aggregates, but was decidedly less toxic
than 132A and G33A. Also, wild-type AB(30-35) had these large aggregates, but was
not found to be cytotoxic at 10 pM, which was consistent with the lack of significant
toxicity of AB(25-35) at 10 uM found in this study as well as previous studies.'*® 1% 136
This implies that these large aggregates were necessary to cytotoxicity but not sufficient,
which unfortunately leaves the key to what makes these peptides cytotoxic still very
much in question. However, it did show that the ability to form amyloid fibrils is not a

determining factor in cytotoxicity, further emphasizing the common hypothesis that cell
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death is more likely caused by some oligomeric intermediate in the aggregation process

rather than the final fibril product.23'26

To compare the experimental data to prediction, we utilized two programs that can be
useful in determining the identity of the minimal region necessary for amyloid
formation: TANGO>”*®! from the Serrano laboratory and Waltz from the Switch

laboratory.”**>

Both of these programs are easy to use and attempt to predict
aggregation by examining physical properties of the peptide and the peptide
environment. Waltz also considers structural parameters, though which parameters the
program examines is not described.” To predict the portions of the peptide most likely
to B-aggregate, both programs require the peptide sequence and specifics of the solution
condition such as pH, temperature, or salt concentration. TANGO makes no claim to
predict amyloid formation, only B-aggregation, which is not necessarily fibrillar;

however Waltz is supposed to predict amyloidogenic sequences, which we expect to be

the amyloid cores.

Both TANGO and Waltz were used to predict: (a.) if AB(25-35) and AB(30-35) would
aggregate, and (b.) which residues were more likely to be included in the amyloid core.
Waltz did not predict AB(25-35) or any of the peptides in this study to aggregate at all,
which contradicted the aggregation documented in this study and in previous works.'™®
119; 120

Previously, Waltz had been shown to give accurate predictions in hsp10;"’

though perhaps not the entire core region, certainly part of the amyloidogenic regions
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were correctly predicted. However, that was not the case with this collection of peptides

as Waltz was unable to predict any region of fibril formation for the entire peptide.

TANGO, on the other hand, predicted that the C-terminal portion of AB(25-35),
specifically residues 30-34 would be likely to B-aggregate. When the truncated AB(30-
35) was used, TANGO still predicted aggregation, though not to the same extent as
APB(25-35). We also analyzed the Ala scanning mutants for analysis and none of the
mutants were predicted to have considerable aggregation other than G33A, which had a
higher probability of aggregating than wild-type AB(25-35). M35A was also predicted
to aggregate, however the probability was much smaller than the probability of the wild-
type AB(30-35). This did not completely agree with our findings as G33A indeed
formed amyloid better than AB(30-35), but M35A was unable to form fibrils. It
appeared that for this peptide, TANGO, which only attempted to predict areas of 3-
aggregation, predicted the amyloidogenic segment in the C-terminal portion of AB(25-
35) as found here. Also, TANGO did exceptionally well in predicting the amyloid
formation of all the peptides, showing that simply as a predictor for 3-aggregation, it

performed better than Waltz.

To summarize, we found the amyloid core of AB(25-35) to be residues 30-35, and Ala
scanning mutants were further used to confirm that every residue in AB(30-35) was

important. Various tests showed that AB(30-35) amyloid formation had an additional
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intermediate step that was not observed in AB(25-35) at pH 5.5. We also found that all
of the Ala scanning mutants of AB(30-35) were still able to aggregate to varying extents
as measured by DLS and were all found to be cytotoxic. This was a major difference
from wild-type AB(30-35), which was capable of forming amyloid fibrils, but was not
found to be cytotoxic. This demonstrated a significant divorce in the ability to form
amyloid and toxicity, further supporting the popular hypothesis that the intermediate
oligomers are responsible for cell death.”>2® Combined, this information should help
with the understanding of AB(25-35) and possibly even full length A aggregation as it
pinpointed the amyloid core of the peptide. With the amyloid core of AB(25-35) found,

a critical region is now known that can be used as a target for preventing aggregation.
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CHAPTER V
SOLUBILITY, HYDROPHOBICITY, AND B-STRAND PROPENSITY HAVE

THE LARGEST EFFECT ON AMYLOID FORMATION OF AB(25-35)

Introduction

118
. Due to

Currently, there are over twenty known amyloid diseases found in humans
this large number, there is much interest to identify what causes amyloid fibril
formation. There is no obvious common physical characteristic among the various
proteins and peptides that form fibrils; the amino acid sequence of amyloidogenic
peptides and proteins varies from predominantly hydrophobic residues as in AB(1-42),
primarily hydrophilic residues as in Sup35, or anything in between. Because of the
sequence variety of amyloid forming peptides, it is necessary to discover which
physiochemical properties contribute most notably to this ordered aggregation. It has
recently been suggested that aggregation might simply be inherent to the peptide
backbone as proteins with wide ranges of amino acid sequences can be induced to form
amyloid.” **'*" However, this does not explain why a single mutation to an amyloid
forming peptide can have a significant effect on fibril formation. If ordered aggregation
is solely caused by the peptide backbone, the side chains should not make a difference,
and this has been shown to be untrue. This inconsistency has been acknowledged in part
by the suggestion that perturbations of the backbone are responsible, rather than

differences in the side chain interactions.* However, that still does not fully explain the

notable differences in aggregation observed between peptides.
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In recent years, research groups have created algorithms that use various factors to
predict which peptide sequences will most likely form amyloid fibrils. TANGO is a
program that considers hydrophobicity, 3-sheet propensity, electrostatics, hydrogen
bonding, and a-helix/B-turn competition when determining if a peptide will aggregate in
a B-strand form.” TANGO does not claim to predict amyloid formation, yet it can be
used as to screen large sequences for amyloidogenic regions. Dobson and co-workers
have put forth several equations that attempt to predict aggregation rates and aggregation
prone regions of peptides.***®>* Their first prediction equation only considered change
in hydrophobicity, change in charge, and changes in the free energy of folding from
random coil to a-helix or B-strand to predict the aggregation rate of a mutant as

45; 48

compared to wild-type. In later papers, Dobson and co-workers also began to look

at patterning of the residues, as well as extrinsic factors such as pH, peptide

concentration, and ionic strength.*® >*

Caflisch and co-workers also reported methods
to predict aggregation rates and aggregation prone regions.’”> Their equation accounted

for numerous additional properties, including solubility, solvent accessible surface area,

parallel B-sheet, anti-parallel B-sheet, aromaticity, temperature, and several others.’>

These methods are useful, though not ideal, because it is difficult, perhaps even
impossible, to cleanly separate all the factors. If systematic studies could be performed
that would quantitatively and individually measure how physiochemical properties — [3-
strand propensity, hydrophobicity, solubility, and residue charge — affect amyloid

formation, the prediction algorithms could be revised to make more accurate predictions.
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The values of the four physiochemical properties — B-strand propensity,'*!
hydrophobicity,* solubility,’® and residue charge — that we used for comparison between
the twenty peptides in this study are shown in Table 5. The four factors listed above
have been chosen because they all have been previously shown to have an effect on
amyloid formation.** % 4548:31:52:34 1nereased hydrophobicity and increased B-strand
propensity are two properties that appear to encourage amyloid formation % 34 3%-41:46:49
Increased charge, on the other hand, has been shown to decrease amyloid formation in

33; 44; 49; 53
most cases.”™ "

However, in one study, the use of a Lys and Glu pairs actually
promoted amyloid formation due to an electrostatic attraction that stabilized oligomers.*'
As for solubility, it was previously observed that RNase Sa and several variants are more
likely to form amyloid fibrils at pH values at or near the pl, where these proteins are
least soluble and have the smallest net charge yet the highest total number of charged

residues, and as the pH of the solution moves further away from the pl, aggregation

50
decreases.
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Table 5. Physiochemical properties of substituted amino acids to Leu34 in AB(25-35)

Amino acid Hydrophobicity” B propensity” Solubility® Charge®
Leu*® 1.82 0.32 0.35 0
Ala 0.39 0.47 1.00 0
Arg -3.95 0.35 1.59 +1
Asp -3.81 0.72 1.63 -1
Asn -1.91 0.40 0.80 0
Cys 0.25 0.25 0.45 0
GIn -1.3 0.34 0.76 0
Glu -2.91 0.35 1.58 -1
Gly 0.00 0.60 1.01 0
His -0.64 0.37 0.90 0

lle 1.82 0.10 0.31 0
Lys -2.77 0.35 1.17 +1
Met 0.96 0.26 0.43 0
Phe 2.27 0.13 0.17 0
Pro 0.99 n.d. 0.55 0
Ser -1.24 0.30 1.45 0
Thr -1 0.06 0.76 0
Trp 2.13 0.24 0.13 0
Tyr 1.47 0.11 0.21 0
Val 1.30 0.13 0.39 0

@ Modified from Ref. 89 Range: -3.95 (low hydrophobicty) to 2.27

® Values from Ref. 139 Range: 0.06 (high propensity) to 0.72 (low propensity)
¢ Normalized from Ref. 58 Range: 0.13 (low solubility) to 1.59

datpH 7

* wild-type

The peptide we utilize here is AB(25-35), an eleven residue segment of AB(1-42), the
primary component of the protein plaques associated with Alzheimer’s disease.*”*’
AB(25-35) is often used for amyloid studies due to its small size, ability to form amyloid
fibrils similar to the full length AB(1-42), and cytotoxicity.'® '%*'1° In this study,
mutations were made at the Leu34 position of AB(25-35), as this residue has been
implicated as part of the critical region necessary for amyloid formation in several

studies.'®?%3% All of the mutants fell into one of three classes: Class I, which is similar

to wild-type amyloid formation, Class II, which demonstrates significantly decreased
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aggregation as compared to wild-type, and Class III, which has a total absence of
amyloid formation as measured by our assays. By comparing the effect of the various
mutations within these three classes, we attempted to elucidate the individual effect of

each physiochemical property on amyloid formation.

Results

A variety of methods to monitor amyloid formation were used in this study. The
primary method was a disappearance of monomer assay (DMA) that measured the chnge
in monomer concentration over time by an FPLC. Thioflavin T (ThT) fluorescence, an

amyloid specific fluorescent dye,''"'"°

and electron microscopy (EM) were used to
confirm amyloid formation since the disappearance of monomer assay could not

distinguish fibril formation from other types of aggregation. All of these methods are

discussed in more detail in Chapter II1.
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Figure 15. FPLC sedimentation data for selected Leu34 mutants of AB(25-35) at pH
4.8, 37°C. Class I variants are wild-type AB(25-35) (maroon), L34I (yellow), L34M
(pink), L34Q (red), L34V (light orange). Class Il mutants are L34C (light green) and
L34E (dark green). Class III mutants are L34A (purple), L34K (light purple), L34P
(cyan), and L34T (blue). Class I mutants are clustered around wild-type, Class 11
mutants have decreased aggregation, and Class III mutants show no aggregation after
two months. Lines are used to guide the eye.



75

Aggregation of Leu34 mutants

Many of the Leu34 substitutions had a significant effect on amyloid formation (Fig. 15),
and half of the peptides completely lost the ability to form fibrils. Of the 10 peptides
that could aggregate, we saw distinct differences in fibril formation, namely in the final
monomer concentration at equilibrium (critical concentration, or C;) and the time needed

to reach the concentration halfway to the Cr (halftime, or t;;) (Table 6).

Table 6. Amyloid formation data for Class | and Class Il mutants

C, (UM) ty2 (hrs)
Peptide pH3.0 pH48 pHS55 pH3.0 pH48 pH5.5
Class |
AP wt 0 0 0 126 19 6
L34F TIA TIA TIA IA IA TIA
L341 0 0 1A 2 1 IA
L34M 7 0 0 12 2 1
L34Q 6 1 1 200 24 3
L34V 13 2 5 36 8 4
Class I
L34C NA 3 1 NA 240 94
L34E NA 9 11 NA 396 242
L34G NA NA 24 NA NA 260
L34S NA NA 16 NA NA 360

Class determined by ability to form amyloid. 'TA' indicates immediate aggregation, therefore
no data could be obtained. NA' indicates no aggregation. Errors are less than or equal to 10%

In fact, we observed such a distinct separation between the groups of peptides that we
were able to easily divide the twenty peptides into three classes (Table 7). Class I
peptides formed fibrils similarly to wild-type with comparable t;,; and C; values, Class II

mutants had significantly reduced aggregation that translated into larger t;» and C;



76

values than wild-type, and Class III mutants were unable to form fibrils for up to two

months. For example, L34], along with other Class I mutants such as L34M and L34Q

Table 7. Classification of peptides®

Class | Class Il Class Il
AB wt® L34C° L34A°
L34F" L34E L34D
L34/° L34G L34H
L34MP L34S L34K
L34Q L34N
L34V° L34P
L34R
L34T
L34WP
L34Y"

® Class determined by ability to form amyloid
® Predicted to B-aggregate by TANGO (Ref. 59)

did not have an appreciable difference in C; or t;» when compared to wild-type at pH 4.8
and pH 5.5 (Table 6). There were only observable differences at pH 3.0 where the
peptides were fully ionized. At the higher pH values, all of the Class I mutants
aggregated until little to no monomeric peptide was detected, and the aggregation took
place typically within 24 hours, L34Q being the only exception. However, at the lower
pH the slight variations observed at pH 4.8 and pH 5.5 were exaggerated, demonstrating
a noticeable change in both the extent and speed of fibril formation. At pH 3.0, wild-
type monomer was no longer detected at the end of the assay, but when compared to

L34V, we saw a marked increase in the C; to 13 uM for L34V. The t;,; values were also
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distinctly different at pH 3.0. The t;,; of wild-type was 126 hours, while the t;, for L341
was 2 hours, L34V was 36 hours, and L34Q was 200 hours. Even though the C; values
for many of these peptides are similar, the t;,, of each mutant thoroughly demonstrates
variations in the kinetics of aggregation. One peptide of note was L34F; this mutant,
along with L341I at pH 5.5, aggregated far too quickly for any meaningful measurement

to be made, making it a Class I mutant.

With the four Class II mutants, the C, and t;» were both larger than wild-type at pH 4.8
and pH 5.5, though the most significant difference was found in the t;/, at both pH
conditions (Table 6). The C, of L34C at pH 4.8 was 3 uM, which was not significantly
different than wild-type at that pH, where the monomer was no longer detectable.
However, t;; of L34C at pH 4.8 was 240 hours, which was clearly longer than the t;/, of
wild-type, which was only 19 hours. It was a similar situation when comparing L34E to
wild-type, where the t;,; at pH 4.8 of L34E was 396 hours, an even longer value
compared to wild-type, while the C; of L34E was 9 uM. These differences were smaller
at pH 5.5; however, the t;, of each peptide was still up to two orders of magnitude larger
than wild-type. The last two Class II mutants were L34G and L34S, both of which were
unable to form amyloid fibrils at any pH other than pH 5.5. Again, the t;; values at this
pH, 260 hours and 360 hours for L34G and L34S, respectively, were two orders of
magnitude longer than wild-type. Although different than the other Class II mutants,
L34G and L34S had significantly larger critical concentrations that were the two highest

C; values observed in this study.
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As stated above, the Class III mutants did not form amyloid fibrils under any conditions
that we explored up to several months. With a few Class III mutants such as L34A,
L34K, and L34T, a large, unknown, amorphous aggregate was observed in the test tube;
however, once run through an FPLC column, only monomeric peptide was detected.
This is most likely due to the aggregate dissolving since the monomer concentration
remained constant throughout the entire assay. Aggregates from L34K and L34T were
also detected using dynamic light scattering (DLS), with the aggregate effective
diameter being over 1.2 pm. We also tested several other Class III mutants for
aggregation using DLS since L34K and L34T showed rather large aggregates. All of the
Class III peptides had some aggregation, though the size ranged considerably, from 100
nm for L34D to approximately 1.3 um for L34K (data not shown). The presence of
these aggregates is similar to the loosely-associated aggregates that dissociate into

monomer during the early stages of the aggregation process discussed in Chapter II1.

Thioflavin T fluorescence

All of the Class I mutants were assayed with ThT and had confirmed amyloid formation.
The precipitates from L34F and L34I at pH 5.5 were also tested, and were ThT positive,
suggesting that the immediate aggregation was fibrillar. ThT fluorescence was used to
confirm that the loss of monomer concentration of the Class II mutants was fibril
formation, as with the Class I mutants. The Class III mutants were also tested and found
to be negative by ThT fluorescence, including the aggregates found in L34A, L.34K, and

L34T samples.
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Figure 16. Electron micrographs of aged peptide samples with representations from
each class of Leu34 variants. Class I variants represented are (a.) AB(25-35), (b.) L34I,
and (c.) L34M. The Class Il mutants is (d.) L34C. Class III mutants are (e.) L34D and
(f.) L34P. Scale bar is 300 nm.
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Electron microscopy

ThT is a useful test for amyloid formation, but for further confirmation, we utilized EM
for ten of the twenty peptides, focusing on the Class I and Class II mutants. All of the
peptides examined had varied fibril structure and size, despite identical aggregation
conditions (Fig. 16). The wild-type peptide had long, thin, twisted fibrils over a um long
and 20 nm wide (Fig. 16a.), while L34I had fibrils of varying width, though averaging
20 nm, that stretched over a micron long that appeared mesh-like (Fig. 16b.). Another
Class I mutant, L.34M, had shorter, thicker twisted fibrils that ranged from 250-600 nm
in length and 10-30 nm in width (Fig. 16¢.). L34C, a Class Il mutant, had straight, thick
fibrils that clumped together and stretched over a micron in length and 10 nm in width
(Fig. 16d.). The Class III mutants that we examined did not have fibrils, though several

had amorphous aggregation (Figs. 16e. and 16f.).

Cytotoxicity studies

We selected fourteen peptides to use in our cytotoxicity studies with brain endothelial
cells (Table 8). As observed previously, wild-type AB(25-35) was cytotoxic at
concentrations of 25 pM and above, though not noticeably toxic at 10 pM.'%% 3% 13¢ Of
the four Class I mutants studied (L34F, L34M, L34Q, and L.34V), only L34V was
cytotoxic at concentrations of 25 uM and above. The Class II mutants we studied were
L34E, L34C, and L34S, and both L34E and L34S showed cytotoxicity at concentrations
of 25 uM and above, though only L34S was also toxic at 10 uM. In addition to the

peptides that formed amyloid, we decided to examine the Class Il mutants as well,
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specifically L34A, L34D, L34K, L34N, L34P, L34T, and L34Y. Interestingly, over half
were cytotoxic. L34K was toxic at all concentrations, while L34A and L34T were both
toxic at 50 uM. Also, L34N appeared to have a limited effect on cell survival at 50 pM,
as well as L.34D at 25 uM. The rest of the Class III mutants were found to have little to

no cytotoxicity.

Table 8. Amyloid formation and cytotoxicity data
of select mutants
Amyloid Cytotoxicity
Peptide formation 10uyM 25uM 50 uM
AP wt + - + +
L34A - - - +
L34C + - - -
L34D - -
L34E
L34F
L34M
L34N
L34P - - - -
L34Q
L34S +
L34T - - - +
L34V + - + +
L34W - - - -
L34Y - - - -
'+' indicates positive result. '—' indicates negative result.

+ +
+ +

+ + +
|
|
|

I
I
I
-+

+ +

Discussion
There are several physiochemical properties that have been implicated in amyloid

formation, though there is still much debate on which properties are the most important.



82

This uncertainty is due, in part, to the vast differences in the types of peptides and
proteins known to form fibrils, as well as the vast number of mutations made to these
peptides in order to study aggregation. Because of this, we set out to study AB(25-35)
and 19 variants of the Leu34 position of this peptide. The goal was to use this collection
of peptides to distinguish which physiochemical properties were the most important.
The properties of particular notice are: B-strand propensity, hydrophobicity, residue
charge, and solubility. Other groups have substituted the naturally occurring amino
acids into one position of other peptides, however, these studies did not study Met and
Cys or took into account qualitative, biased results such as fibril morphology as judged

28:32
by researchers.”™

Distinct patterns in amyloid formation emerged between the Leu34 variants which made
classification of the mutants relatively simple (Table 7). To further characterize the
differences in aggregation, a handful of mutants were investigated at pH 4.8 (Fig. 15).
Several mutants retained wild-type-like aggregation at all three pHs used in this study:
pH 3.0 where the peptide had a +2 charge, pH 4.8 where the peptide had a net charge
around +1, and pH 5.5 where the peptide net charge approached neutral. The mutants
that could aggregate at all three pH conditions, we labeled as Class I mutants. Each
Class I variant is expected to have a similar pl to wild-type; however the pls were not
measured. The peptides we categorized as Class II mutants had marked perturbation of
amyloid formation and all had absence of amyloid formation at the lowest pH studied,

and two of the Class II mutants had an absence of amyloid formation at pH 4.8 as well.
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The Class II mutants also had reduced amyloid formation, leaving higher concentrations
of monomeric peptide once aggregation was complete, and the aggregation process took
significantly longer than the wild-type peptide. Some of the Class II and Class 111
mutants are expected to have a different pl compared to the wild-type peptide since
charges are introduced in several cases. Interestingly, half of the peptides studied fell
into Class III, which showed no apparent amyloid formation in any condition used for
this study (Table 7). This demonstrated the sensitivity of position 34 in this peptide as

well as how easily amyloidosis can be disrupted.

As mentioned above, the naturally occurring amino acids have been substituted into the
full length AB(1-40)*® and tau-related peptides.*” Although these previous studies
observed a continuum of amyloid formation between the variants instead of the distinct
classes as shown here, the general aggregation trend between the amino acids was
consistent. Class I amino acids such as Gln, Ile, Leu, Met, Phe, and Val were shown to
be among the top amyloid forming amino acids.”®** Also, Class III amino acids, Asp,
His, Lys, and Pro, were found to be some of the worst amyloid forming amino acids.
There was some disagreement over the amino acids of medium aggregation, i.e. those
found in Class II; however, for the most part, the findings reported here appear to agree

with previous studies.” >

Within the Class I mutants, we observed that the variant residues — Phe, Ile, Met, Gln,

and Val — are all in the upper half of B-strand propensity scales, and in the lower half of
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the solubility scale.” '*!

These amino acids also introduced no charge to the peptide
and all but GIn are more hydrophobic than Ala® In previous studies, mutations within
the full length AP from any of the Class I amino acids to Ala, Asp, Cys, Lys, Pro, or Ser
have been shown to adversely affect amyloid formation.”®>' The opposite effect has
been observed when Class II or Class III amino acids were mutated to the Class I amino
acids,” ?* demonstrating that Phe, Ile, Met, Gln, and Val are strongly amyloidogenic.
Considering the physiochemical properties (Table 5) and past studies, our results were
not surprising, except perhaps that Gln, which is a relatively hydrophilic residue, was
present in the Class I mutants. However, upon examining the naturally occurring
mutation that leads to the Dutch familial form of Alzheimer’s disease (E22Q), a form
that has an increase in aggregation propensity, perhaps mutating to Gln should show

similar aggregation to wild-type as Gln is apparently perfectly capable of increasing

amyloid formation.

After examining the Class I variants in relation to the Class II and Class I1I mutants,
hydrophobicity appears to influence amyloid formation, as is often hypothesized in
literature.*® **4%>* When comparing the Class I variant, L34M, to L34C, a Class II
variant, the only noteworthy difference in the physiochemical properties between Met
and Cys is the higher hydrophobicity of Met (Table 5). Assuming that the increased
hydrophobicity of the Met is seen in L34M, the enhanced fibrilogenesis observed with

L34M as compared to L.34C should be due to this change in hydrophobicity.
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Further examination of the Class I mutants revealed the possible importance of -strand
propensity. When comparing Ile to Leu, all of the physiochemical properties we looked
at, except B-strand propensity, are the same (Table 5). Ile has a higher B-strand
propensity than Leu, and with that change, we saw a substantial increase in amyloid
formation of L34l as compared to wild-type, most notably in the t;, (Table 6). At pH
3.0, this difference was most pronounced when wild-type had a t;, of 126 hours while
L34I was 2 hours, a decrease of nearly two orders of magnitude from wild-type. This
was supported by another study in AB(1-40) that reported an increase in the stability of
the fibrils when mutating Val to Ile as opposed to Val to Leu.”® At this point, the
properties that appeared to have the most influence on fibril formation were

hydrophobicity and 3-strand propensity.

Among the Class II mutants, several of the substituted amino acids have a wide range of
hydrophobicity, B-strand propensity, and solubility. Hydrophobicity and B-strand
propensity values for the Class II amino acids were from the middle to the lower end of
the two scales, and the solubility values were found in the middle to upper portion of that
scale. Also, Glu introduced a charged residue into the L34E peptide. When examining
these physiochemical properties, one would expect a substantial decrease in amyloidosis,
which was supported by previous studies stating that mutating almost any other amino
acid to a Class II amino acid discourages amyloid formation.?® **° Previous studies
similar to ours show that one or more of the Class Il amino acids are mediocre amyloid

formers, however there is significant disagreement between studies as to the amyloid
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propensity of Cys, Glu, Gly, and Ser.”®3? As for this study, we assume various factors
allowed these peptides to aggregate. For example, Ser has several properties the same as
Gln,gg; 41 Which is a Class I amino acid; however, Ser is more soluble than GIn®® and
L34S had a marked decrease in amyloid formation. This increased solubility could
explain the decrease in fibril formation seen here and previously.” Also, this

comparison suggests that solubility may be an important factor in amyloidosis.

The Arctic (E22G) and Flemish (A21G) variants of familial Alzheimer’s disease support
the data found from L34G since this mutant is still capable of forming amyloid fibrils
despite the seemingly discouraging physiochemical properties of the Gly residue as
compared to an amino acid such as Ala (Table 5). This was further supported by
mutational studies that showed little to no change when mutating from a Val or Glu to a
Gly as well as destabilizing effects from mutating a Gly to Ala, Cys, or Pro in AB(1-
40).% 2531 1t is possible that the increased flexibility of the Gly allows for aggregation,
though more likely is the steric benefits of an absent side group since many

amyloidogenic peptides have residues with bulky side chains, i.e. Phe, Trp, and Tyr.

Overall, the Class III mutants were not expected to aggregate since many of the Class III
amino acids, when compared to Leu, have low hydrophobicity, low -strand propensity,
high solubility, or are charged (Table 5). Also, several of the Class III amino acids have
already been shown to inhibit aggregation to varying degrees in full length A and tau-

28;30; 32; 39

related peptides, which is consistent with our results. Therefore, it was
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somewhat surprising to observe aggregation by DLS, though judging by the overall
hydrophobic nature of the AP peptide in an aqueous environment, this aggregation might
be expected in all of the Leu34 variants. However, these Class III mutants appear
monomeric by FPLC. The likely explanation for this is that the aggregates were loosely

associated and therefore disaggregated easily when passed through an FPLC column.

One Class III mutant of note was L34A. According to the physiochemical properties of
Ala as compared to Gly (Table 5) and previous studies,”> ** ** % L34A should have
aggregated more than L.34G, a Class Il mutant; however, L34 A appeared to have a total
absence of fibril formation. Supporting data from a previous study was found from the
naturally occurring A21G variant associated with Flemish familial Alzheimer’s disease,
which has a higher propensity to form amyloid.® Further data was found in AB(1-40)
with A18G which showed an increase in the rate of aggregation,® as well as the
destabilization of fibrils by mutating Gly to Ala,” and increased cell survival with Gly to

142 Therefore, despite the physiochemical properties, one might expect

Ala mutants.
L34G to be a better amyloid former than L34A, which was exactly what we found. This

implied that the context of the residue is exerting an influence on amyloid formation as

opposed to the physiochemical properties.

Two Class III mutants that gave unexpected results were L34W and L34Y, since Trp and
Tyr have been shown to promote aggregation.” **3%3% Also, in B-2-microglobulin,

mutating from Tyr to Ala, Glu, or Ser was shown to decrease the rate of fibrilization.*
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Because of these previous studies, we anticipated that L34W and L34Y would be Class I
variants, most likely better than wild-type given that the substituted amino acids are less
soluble than Leu, are not charged, and have higher hydrophobicity and B-strand
propensity than Leu (Table 5). However, that was not what we observed. There was no
change in the concentration of monomer for L34W and L34Y for up to three months.
Our best guess is that this lack of fibril formation is due to the sterically unfavorable,

bulky side chains of Trp and Tyr.

By using ThT fluorescence and electron microscopy, we confirmed that the peptides that
showed a disappearance of monomer concentration were, indeed, forming amyloid
fibrils. We observed differences in ThT fluorescence signal which were most likely due
to each peptide binding ThT dye with varying efficiency, a characteristic of ThT that has
been previously shown.''* The diversities in fibril appearance and size observed by EM
were not as easily explained, however. These variations could be due to any number of
reasons, although a recent study that examined the structural differences of AB(1-40)
fibrils within the same sample suggested that amyloid formation gives rise to
polymorphism simply because there are many different possible interactions within and
between molecules.'” This was the most likely explanation, compounded by the
mutations at the Leu34 position, allowing an even more noticeable diversity in fibril

- : . 144; 145
structure seen here and in previous studies.
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The cytotoxicity data was also interesting since half of the peptides that were found to be
toxic were not able to form amyloid fibrils (Table 8). This supports the hypothesis that
the early oligomers, not the fibrils, are responsible for cytotoxicity.'*****” Upon
examination, we noticed a trend among the cytotoxic peptides: all but the wild-type
peptide and L34V had a soluble, B-strand disfavored amino acid at position 34.
However, among the peptides that were not cytotoxic, we also noticed a peptide with a
soluble, B-strand disfavored amino acid at position 34, specifically, L34Q. This trend
was not unexpected, as we found low solubility and high -strand propensity to
encourage amyloid formation, and cytotoxicity was discovered to be more closely
associated with the lack of amyloid formation. As to what this trend means for the study
of amyloid formation and cell toxicity, is uncertain, though it does lend strong credence
to the popular hypothesis that the oligomeric AP peptides are responsible for cell death,

as opposed to the insoluble fibrils.>*2°

As mentioned earlier, there are several ways of predicting aggregation, and in some
cases amyloid formation. The methods from Dobson ez.al. and Caflisch et.al. were
discussed in Chapter I. However, there are also two internet-based programs that are
commonly used: TANGO*”®' from the Serrano laboratory and Waltz from the Switch

laboratory.”**>

Though these two programs are comparable, only Waltz claims to
predict regions of a sequence with a propensity to form amyloid, while TANGO predicts

[-aggregation, or aggregation in a -strand conformation, not necessarily amyloid. Both
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of these programs examine the physiochemical properties of the sequence and attempt to

calculate the probability of aggregating.

For the AB(25-35) peptides, we analyzed the sequences with both programs and received
vastly different results. According to Waltz, not a single peptide in this study should
form fibrils, which was obviously not the case. Because of this, it appears that Waltz

was not a good predictor of amyloid formation in this case.

TANGQO, on the other hand, predicted six of the ten amyloid forming mutants (Table 7).
The wild-type peptide was predicted to B-aggregate as well as L34A, L34C, L34F, L34,
L34M, L34V, L34W, and L34Y, with wild-type, L34F, L34I and L34V having the
highest probabilities. The remaining eleven mutants were not predicted to f-aggregate,
but were instead predicted to form B-turns. TANGO incorrectly predicted L34W and
L34Y to B-aggregate, which was what we predicted would happen as well, judging by
the prevalence of Trp and Tyr in amyloidogenic peptides. The only other mutant
predicted to B-aggregate that was found to be a Class III mutant was L34 A, which had a
low probability of B-aggregating, and therefore was not very likely to form amyloid.
L34Q also gave an interesting result for the reason stated above, simply put, many of the
physiochemical properties of the GIn should discourage fibril formation. Overall,

TANGO predicted fibril formation better than Waltz in this study.
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To conclude, in this study we examined all twenty naturally occurring amino acids in the
34 position of AB(25-35), and divided the peptides into three different classes. Class I
retained wild-type-like fibril formation, Class II had significantly reduced amyloid
formation, and Class III had an apparent loss of aggregation. Using these mutants, we
determined the relative importance of four physiochemical properties and found the
three to have the largest effect on amyloid formation were hydrophobicity, solubility,
and B-strand propensity. This was a unique discovery as solubility is often overlooked
in studies attempting to determine the effect of physiochemical properties on
amyloidosis. We also observed that only half of the amyloid-forming peptides examined
were cytotoxic, and that several variants which were unable to form fibrils yet formed
aggregates detectable by DLS were cytotoxic. This supports the popular hypothesis that

. - - 21-24;26;2
early oligomers are the toxic species.”'>* 2%
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CHAPTER VI

SUMMARY

Here, a fragment of AB(1-42), the Alzheimer’s peptide, was utilized to examine various
aspects of amyloid formation. AB(25-35) was a useful model since there were no long-
range interactions or higher order structure to contend with, yet the eleven residue
fragment could still form fibrils similar to the full length AB(1-42) and was still
cytotoxic. Using APB(25-35), this study attempted to contribute to a greater
understanding of the process of amyloid formation and the properties that contribute to
fibrilogenesis. The former was addressed by studying the step by step progression of
aggregation, and the latter by determining the critical amyloidogenic region of AB(25-

35) and the physiochemical properties that influenced fibril formation.

The stepped process of aggregation as well as the core of amyloid formation and the
physiochemical properties that encourage amyloidosis were examined. Studies were
performed at 37°C at pH 3, pH 4.8, or pH 5.5; the multiple pH conditions were
necessary to control the charge of the AB(25-35) peptide, since charge affects amyloid
formation. Also, a variety of methods were utilized in order to maximize the
information gleaned regarding fibrilogenesis, among these were a disappearance of
monomer assay (DMA), dynamic light scattering (DLS), Thioflavin T (ThT)
fluorescence, and electron microscopy (EM). From these tests, differences in

aggregation between the variants could be detected and conclusions could be made.
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By studying the process of fibril formation using methods that could identify the steps of
aggregation, we were able to follow the progression of monomeric peptide forming
small, spherical oligomers, then chains of oligomers that flatten into sheets that later roll
up into tubes. We believe these tubes mature into the amyloid fibrils found in the tissues
of patients with the disease. Of note is that we observe two macrooligomeric species
after this point in the process, namely twisted sheets and crystal-like plates. This study
provided evidence for new supermolecular species which would not have been measured

without the use of each of the four methods listed above.

It was also discovered that AB(30-35) is the critical region of AB(25-35) and is quite
possibly the initiation point of aggregation. AB(30-35) was able to form fibrils like the
longer AB(25-35) peptide, and through Ala scanning mutagenesis, residues 30-35 were
all found to be important to amyloidosis since mutating any residue to Ala had a
profound effect on aggregation. While G33A was able to form fibrils faster than wild-
type AP(30-35), mutating any other residue to an Ala resulted in a total loss of amyloid
formation. Also, we studied the cytotoxicity of each peptide and found that
interestingly, AB(30-35), while able to form fibrils, was not found to be harmful to rat or
mouse brain endothelial cells, but all of the mutants of this peptide were found to be

toxic, showing a vast discrepancy in the association of fibrilogenesis and cytotoxicity.

Another important conclusion from our studies was that 3-strand propensity and

solubility have the largest effect on AB(25-35) amyloid formation. By inserting all
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twenty naturally occurring amino acids into the Leu34 position of AB(25-35) and
studying the aggregation of each mutant, we were able to divide the twenty peptides into
three classes. Class I had wild-type like aggregation properties, Class II had severely
diminished aggregation, and Class III displayed no aggregation up to two months. After
measuring the aggregation of each peptide, we compared the physiochemical properties
of each amino acid in position 34 and the corresponding amyloid formation data,
discovering that 3-strand propensity and solubility had the most influence on

amyloidosis.

These individual studies have all provided interesting findings, but more work must still
be done. Not the least of which is to repeat the studies of the stepped process and effect
of physiochemical properties on amyloidosis using other amyloidogenic peptides to
verify our results. It cannot be assumed that other peptides or proteins would have the
same intermediate species in the amyloid formation pathway. Neither can it be assumed
that a peptide that is more hydrophilic or less likely to form a B-strand than A} would
demonstrate that solubility and B-strand propensity are the most important
physiochemical properties. Also, the specific molecular structure of any intermediates
found in the course of any future study should be investigated since that should provide
another insight into the aggregation process. However, despite this need for further
confirmation, all of these findings will hopefully contribute to a better understanding not
only of the process of amyloid formation, but also the causes of this disease-associated

aggregation.
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